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Abstract  
Hydrogen has been extensively explored in the past years as an alternative source of 
energy due to environmental concerns and economical motivations. The properties of 
the considered component and, the fact that it is obtained and employed in the 
course of several industrial chemical processes, increased the motivation for the 
purification of hydrogen.  
In this work, gPROMS® tool is going to be employed for the simulation of the 
adsorption step from a Pressure Swing Adsorption process used to purify hydrogen. 
Two isotherm models are being introduced to the adsorption libraries of this tool with 
the aim of validating the multilayer adsorption bed model, recently added to the 
adsorption libraries present in gPROMS®.  
The validation of the Langmuir-Freundlich multilayer isotherm model is done by using 
breakthrough experiments with binary mixtures of H2/CH4, H2/CO and H2/CO2 and, a 
five component mixture composed by H2/CH4/CO2/CO/N2. Breakthrough simulations 
are performed with this model for different feed pressures, feed flow rates and 
different activated carbon ratios. The results are then compared with experimental 
data from the literature.   
The Multisite Langmuir multilayer isotherm model is added the Adsorption libraries 
present in gPROMS and simulations with a five component mixture of 
H2/CH4/CO2/CO/N2 are performed. The loading profile of CH4 as well as the 
temperature through the adsorption bed, at the end of the feed step, is analyzed and 
the simulation results are compared with data from the literature.  
The Parameter Estimation tool is also employed in this work with the aim of 
estimating the Linear Driving Force coefficients as well as the parameters of the 
Multisite Langmuir isotherm. These estimations are performed with the purpose of 
evaluating the ability of this tool in predicting the desired parameters and also, the 
quality of the parameters provided by it.  
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Resumo  
O hidrogénio tem sido explorado nos últimos anos devido a motivações ambientais e 
económicas. As propriedades deste componente, e, o facto de poder ser obtido no 
curso de vários processos químicos industriais incentivaram à sua purificação.  
Este trabalho tem como objetivo o uso da ferramenta gPROMS® para a simulação do 
passo relativo à adsorção num processo de PSA para a purificação de hidrogénio. Dois 
modelos de isotérmicas são adicionados às bibliotecas da ferramenta de simulação 
mencionada, com o objetivo de validar uma coluna de adsorção com n camadas de 
adsorvente, coluna esta recentemente adicionada às bibliotecas de adsorção 
do gPROMS®.  
A validação da isotérmica Langmuir-Freundlich para colunas de adsorção, que 
contemplam várias camadas de adsorvente, é efetuada através 
de simualações de breakthrough, recorrendo para tal a misturas binárias de H2/CH4, 
H2/CO e H2/CO2, bem como, misturas de 5 componentes constituídas por 
H2/CH4/CO2/CO/N2.  
A isotérmica Multisite Langmuir é também adicionada às bibliotecas de adsorção 
presentes na mesma ferramenta de simulação, e simulações de breakthrough são 
realizadas recorrendo a uma mistura de cinco componentes, H2/CH4/CO2/CO/N2, com 
o objetivo de comparar os perfis de quantidade adsorvida do metano e o perfil de 
temperatura ao longo da coluna, no fim do passo de adsorção, sendo os resultados 
obtidos comparados com os resultados presentes na literatura.  
Parâmetros como os coeficientes de LDF  e os parâmetros da isotérmica  Multisite 
Langmuir são estimados com recurso à ferramenta de estimação de parâmetros 
presente no gPROMS®, com o objetivo de avaliar a capacidade desta ferramenta na 
previsão dos parâmetros, bem como avaliar a qualidade dos resultados obtidos.  
 
 
Pressure Swing Adsorption for Hydrogen Purification 
 
Assertion  
 
 Declare, on oath, that this work is original and that all non-original contributions were 
properly referenced with identifying the source. 
 
 
Pressure Swing Adsorption for Hydrogen Purification 
i 
Table of contents  
Notation and glossary ................................................................................... vii 
1 Introduction ........................................................................................... 1 
1.1 Relevance and Motivation .................................................................... 1 
1.2 Process System Enterprise ................................................................... 1 
1.3 Objectives and Outline ....................................................................... 2 
2 Contextualization and state of art................................................................ 3 
2.1 Pressure Swing Adsorption and its Milestones ............................................ 3 
2.2 Adsorption ....................................................................................... 3 
2.3 Isotherms ........................................................................................ 4 
2.4 Adsorbents ...................................................................................... 5 
2.5 PSA basic cycles ................................................................................ 5 
2.6 Temperature Swing Adsorption and Vacuum Swing Adsorption ...................... 6 
2.7 Multilayer Adsorption ......................................................................... 7 
2.8 Breakthrough curves .......................................................................... 7 
2.9 Pressure Swing Adsorption for Hydrogen Purification .................................. 8 
3 Modelling Tool and Mathematical model ...................................................... 11 
3.1 gPROMS® Tool ................................................................................ 11 
3.1.1 gPROMS® fundamentals ................................................................................ 11 
3.1.2 gPROMS® Libraries ...................................................................................... 12 
3.2 Component and mathematical model .................................................... 12 
3.2.1 Adsorption bed model .................................................................................. 12 
3.2.2 Mass balance ............................................................................................. 13 
3.2.3 Energy Balance .......................................................................................... 13 
3.2.4 Momentum balance ..................................................................................... 14 
3.2.5 Linear Driving Force .................................................................................... 14 
3.2.6 Fluid properties ......................................................................................... 15 
3.2.7 Dispersion model ........................................................................................ 15 
Pressure Swing Adsorption for Hydrogen Purification  
ii 
3.2.8 Isotherms ................................................................................................. 15 
4 Modelling and Simulation ......................................................................... 17 
4.1 Breakthrough model validation ........................................................... 17 
4.1.1 Axial dispersion model ................................................................................. 18 
4.1.2 Multilayer model ........................................................................................ 19 
4.2 Langmuir-Freundlich multilayer isotherm .............................................. 21 
4.2.1 Langmuir-Freundlich isotherm modeling ............................................................ 22 
4.2.2 Langmuir-Freundlich multilayer isotherm validation ............................................. 23 
4.2.3 Validation of the Langmuir-Freundlich multilayer isotherm with different data ............ 31 
4.3 Multisite Langmuir isotherm ............................................................... 33 
4.3.1 Multisite Langmuir isotherm modeling .............................................................. 34 
4.3.2 Multisite Langmuir simulations ....................................................................... 35 
4.4 Parameter estimation ....................................................................... 38 
4.4.1 Parameter estimation of the LDF coefficients for the process using Langmuir-Freundlich 
isotherm ............................................................................................................ 39 
4.4.2 Multisite Langmuir parameters estimation ......................................................... 44 
5 Conclusions ......................................................................................... 47 
5.1 Accomplished goals .......................................................................... 47 
5.2 Limitations and future work ............................................................... 48 
 Pressure Swing Adsorption Milestones ............................................. 52 Appendix 1
 gPROMS® Adsorption Models ......................................................... 53 Appendix 2
2.1 List of models and specifications ......................................................... 53 
 Langmuir-Freundlich Isotherm ...................................................... 55 Appendix 3
3.1 Langmuir-Freundlich isotherm modelling ............................................... 55 
3.2 Adsorbents and bed properties............................................................ 57 
3.3 Five component mixtures breakthrough simulations ................................. 59 
3.4 Validation of the Langmuir-Freundlich multilayer isotherm with different data 61 
 Multisite Langmuir Isotherm ......................................................... 63 Appendix 4
4.1 Multisite Langmuir isotherm modelling .................................................. 63 
Pressure Swing Adsorption for Hydrogen Purification  
iii 
4.2 Loading Profiles .............................................................................. 66 
 Parameter estimation ................................................................. 67 Appendix 5
5.1 LDF coefficients estimation ................................................................ 67 
5.1.1 Variance of 0.05 ......................................................................................... 67 
5.1.2 Variance of 0.01 ......................................................................................... 71 
5.2 Multisite Langmuir Parameter estimation ............................................... 72 
 
  
Pressure Swing Adsorption for Hydrogen Purification  
iv 
List of figures  
Figure 2.1 – Dimensionless equilibrium isotherm showing the meaning of “favorable”, “linear” and 
“unfavorable” ..............................................................................................................4 
Figure 2.2 – The sequence of steps in the basic Skarstrom PSA cycle adapted from Pressure Swing 
Adsorption [10] .............................................................................................................6 
Figure 4.1 – Adsorption bed layout on the left and dialog box on the right ................................... 18 
Figure 4.2 – Connections between isotherm model, adsorption bed model and multilayer model ....... 19 
Figure 4.3 Comparison of a breakthrough simulation with gPROMS® model for a mixture of hydrogen 
and methane using 10, 40 and 80 discretization points per layer .............................................. 24 
Figure 4.4 - Comparison between the simulation and experimental breakthrough curves for pressures of 
4, 10 and 16 atm for a binary mixture of H2/CH4 at a feed flow rate of 6.8 SLPM ........................... 25 
Figure 4.5 - Effect of the feed flow rate in the experimental and simulated breakthrough curves for a 
binary mixture of H2/CH4 at a feed pressure of 10 atm ......................................................... 25 
Figure 4.6 - Comparison of the results obtained for a feed pressure of 16 atm using different activity 
model for a binary mixture of hydrogen and methane ........................................................... 26 
Figure 4.7 – Effect of the feed pressure at a feed flow rate of 6.8 SLPM on the left and effect of the 
feed flow rate at a feed pressure of 10 atm on the right in the breakthrough for a binary mixture of 
hydrogen and carbon monoxide ....................................................................................... 27 
Figure 4.8 – Breakthrough of the H2/CO2 mixture at 10 atm and a feed flow rate of 6.8 SLPM and 
respective loading profile for t = 1400 s ............................................................................. 28 
Figure 4.9 – Comparison of the results between the simulation with gPROMS and experimental data for 
the breakthrough of the H2/CO2 mixture at 10 atm and 6.8 SLPM .............................................. 29 
Figure 4.10 – Breakthrough curve for a 0.5 activated carbon ratio with the time axis in logarithmic scale
 .............................................................................................................................. 30 
Figure 4.11 – gPROMS® results: on the left breakthrough for a 0.32cr and on the right breakthrough for 
0.65 cr ..................................................................................................................... 31 
Figure 4.12 – gPROMS simulation a bed containing activated carbon at 6.5 bar and feed flow rate of 5 
SLPM ........................................................................................................................ 32 
Figure 4.13 - Breakthrough of a 5 component mixture with a 0.7 layer of activated carbon and 0.3 layer 
of zeolite: on the left, feed pressure of 6.5 bar and on the right feed a feed pressure of 8 bar ......... 33 
Figure 4.14 – Breakthrough curve obtained with gPROMS® model employing the Multisite Langmuir 
isotherm ................................................................................................................... 35 
Figure 4.15 – On the left: temperature profile of the column and on the right the loading profile of 
methane both at the end of the feed step .......................................................................... 36 
Figure 4.16 – Comparison of the loading profiles with different adsorbent geometries .................... 37 
Pressure Swing Adsorption for Hydrogen Purification  
v 
Figure 4.17 – Experimental data and major iterations performed by gPROMS® for the parameter 
estimation ................................................................................................................. 40 
Figure 4.18 – Comparison of the experimental data with the simulation results employing the LDF 
coefficients obtained through the parameter estimation ........................................................ 41 
Figure 4.19 - Experimental data and major iterations performed by gPROMS® for the parameter 
estimation for a constant variance of 0.01 ......................................................................... 43 
Figure 4.20 – Major iterations for the Multisite Langmuir isotherm parameter estimation for a constant 
variance of 0.05 .......................................................................................................... 45 
Figure 5.1 – Adsorption bed dialog box .............................................................................. 54 
Figure 5.2 –Multilayer Langmuir-Freundlich isotherm dialog box ............................................... 55 
Figure 5.3 – Simulation and experimental breakthrough data comparison for a five mixture at a feed 
pressure of 10 atm and a feed flow rate of 8.6 SLPM for a 0.5 cr .............................................. 59 
Figure 5.4 - Simulation and experimental breakthrough data comparison for a five mixture at a feed 
pressure of 10 atm and a feed flow rate of 8.6 SLPM for a 0.32 cr ............................................. 60 
Figure 5.5 - Simulation and experimental breakthrough data comparison for a five mixture at a feed 
pressure of 10 atm and a feed flow rate of 8.6 SLPM for a 0.65 cr ............................................. 60 
Figure 5.6 – Simulation and experimental breakthrough curves for a column filled with activated carbon 
at 6.5 bar and 5.0 SLPM ................................................................................................ 61 
Figure 5.7 - Simulation and experimental breakthrough curves for a column with two layers of 
adsorbent at a feed pressure of 6.5 bar and feed flow rate of 5 SLPM ........................................ 61 
Figure 5.8 - Simulation and experimental breakthrough curves for a column with two layers of 
adsorbent at a feed pressure of 8 bar and 5 LSPM ................................................................. 62 
Figure 5.9 – Multisite Langmuir dialog box .......................................................................... 63 
Figure 5.10 – Loading profiles for t = 40 s ........................................................................... 66 
Figure 5.11 – Loading profiles for t = 100 s ......................................................................... 66 
Figure 5.12 – Loading profiles for t = 1000 s ........................................................................ 66 
Figure 5.13 – Measured data and major iterations for a relative constant variance of 0.05 ............... 70 
 
 
 
 
 
 
Pressure Swing Adsorption for Hydrogen Purification  
vi 
 
List of tables 
Table 3.1 – Coefficients for the different types of mass transfer ............................................... 15 
Table 3.2 – Parameters of the existing isotherms in gML libraries .............................................. 16 
Table 4.1 - Connection between equal variables present in the multilayer and isotherm models ....... 20 
Table 4.2 – Scheme of the relations between variables in the multilayer model ............................ 21 
Table 4.3 – Input conditions ........................................................................................... 23 
Table 4.4 – Initial values for the LDF coefficients ................................................................. 39 
Table 5.1 – PSA Milestones, adapted from Pressure Swing Adsorption [10] ................................... 52 
Table 5.2 – List of models present in the adsorption libraries of gPROMS® ................................... 53 
Table 5.3 – Specifications made through the dialog box ......................................................... 53 
Table 5.4 – Langmuir-Freundlich isotherm parameters ........................................................... 56 
Table 5.5 – LDF coefficients and heat of adsorption for the Langmuir-Freundlich isotherm validation . 57 
Table 5.6 – Adsorbent properties employed in the Langmuir-Freundlich isotherm validation ............. 57 
Table 5.7 – Adsorption bed properties for the validation of the Langmuir-Freundlich isotherm .......... 58 
Table 5.8 – Molar fractions and feed conditions for the five component mixture ........................... 59 
Table 5.9 – Conversion of the provided parameters to the LDF coefficient ................................... 64 
Table 5.10 – Multisite Langmuir isotherm parameters ............................................................ 64 
Table 5.11 - Properties of the adsorbent and feed conditions for the simulation performed using the 
Multisite Langmuir isotherm ........................................................................................... 65 
Table 5.12 – gPROMS® output for the parameter estimation performed considering a constant variance 
of 0.05 ..................................................................................................................... 67 
Table 5.13 – Upper and lower bounds for the 0.05 constant variance parameter estimation ............. 68 
Table 5.14 - Estimated parameters for a constant variance of 0.05 and different upper and lower bonds 
for each component ..................................................................................................... 69 
Table 5.15 - gPROMS® parameter estimation output with the final values obtained for the LDF 
coefficient for a variance of 0.01 ..................................................................................... 71 
Table 5.16 – Lower and Upper bounds for the Multisite Langmuir isotherm parameter estimation ...... 72 
Table 5.17 – Final values obtained for the parameter estimation of the Multisite Langmuir isotherm in 
the activated carbon layer ............................................................................................. 73 
Table 5.18 - Final values obtained for the parameter estimation of the Multisite Langmuir isotherm in 
the zeolite layer ......................................................................................................... 74 
Pressure Swing Adsorption for Hydrogen Purification  
vii 
Notation and glossary  
𝑎𝑖 
number of neighbouring sites occupied by the adsorbate 
molecule in the multisite Langmuir isotherm, 
dimensionless 
 
𝐴 Bed area  [m2] 
𝐶𝑝,𝑎𝑑𝑠 Heat capacity of adsorbent material [kJ/kg ∙ K] 
𝐶𝑝,𝑤 Heat capacity of the wall material  [kJ/kg ∙ K] 
𝑑𝑏 Bed diameter  [m] 
𝑑𝑝 Adsorbent particle diameter  [m] 
𝐷𝑎𝑥 Dispersion coefficient  [m2/s] 
ℎ Fluid mass specific enthalpy  [kJ/kg] 
ℎ𝑎𝑑 Enthalpy of adsorbed component  [kJ/mol] 
ℎ𝑖
∅(𝑇) Pure component enthalpy at the bed temperature and 
standard pressure (1 bar). 
[kJ/mol] 
𝑘1 Langmuir-Freundlich isotherm parameter  [mol/kg] 
𝑘2 Langmuir-Freundlich isotherm parameter [mol/(kg ∙ K)] 
𝑘3 Langmuir-Freundlich isotherm parameter [atm
−1] 
𝑘4 Langmuir-Freundlich isotherm parameter [K] 
𝑘5 Langmuir-Freundlich isotherm parameter, dimensionless  
𝑘6 Langmuir-Freundlich isotherm parameter [K] 
𝐾𝑖 Equilibrium constant in the Multisite Langmuir  [bar] 
𝑘𝑇,𝑏𝑤 Heat transfer coefficient from bed to wall [W/(K ∙ m
2)] 
𝑘𝑇,𝑤𝑎 Heat transfer coefficient from wall to ambient [W/(K ∙ m
2)] 
𝑙𝑤 Bed wall thickness  [m] 
𝑀𝑊 Molecular weight  [kg/mol] 
𝑃 Bed pressure  [bar] 
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viii 
𝑞 Concentration of gas phase components adsorbed on 
solid phase  
[mol/kgsolid] 
𝑞𝑒𝑞 Equilibrium concentration of gas phase components 
adsorbed on solid phase  
[mol/kgsolid] 
𝑇 Temperature of both fluid and solid phase  [K] 
𝑇𝑎 Ambient temperature  [K] 
𝑇𝑤 Wall temperature  [K] 
𝑢 Fluid superficial velocity  [m/s] 
𝑈𝑏 Bed internal energy density  [kJ/mbed
3 ] 
𝑣 Fluid dynamic viscosity  [Pa. s] 
𝑥 Component mass fraction  [kg/kg] 
 
Greek Letters  
𝜀𝑏𝑒𝑑 Bed void fraction [mvoid
3 /mbed
3 ] 
𝜀𝑡𝑜𝑡 Total void fraction  [mvoid
3 /mbed
3 ] 
𝜆 Fluid thermal conductivity  [kW/mK] 
𝜆𝑎𝑑 Adsorbent thermal conductivity  [kW/mK] 
𝜌 Bed fluid density  [kgfluid/mbed
3 ] 
𝜌𝑏𝑒𝑑 Bed density  [kgadsorbent/mbed
3 ] 
𝜌𝑤 Wall density  [kg/m
3] 
𝜔 Mass transfer coefficient  [s−1] 
Ω LDF factor, dimensionless   
 
Index  
i  Component  
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1 Introduction 
1.1 Relevance and Motivation 
In the last years, the need for alternatives to fossil fuel has been explored due to 
environmental concerns. In order to be significant, an alternative fuel has to be technically 
feasible, economically competitive, environmentally satisfactory and readily accessible. 
Plenty potential alternative fuels have been suggested, comprising methanol, ethanol, 
hydrogen, biodiesel, natural gas, liquefied petroleum gas (LPG), Fischer-Tropsch fuel p-series, 
solar fuels, electricity (Meher LC et al. ,2006) [1].  
Lately, hydrogen has been extensively explored as an alternative source of energy due to its 
features. Hydrogen is the most abundant element in the universe, it has a higher specific 
energy content, when compared with the other fuels and, is widely used in numerous 
chemical process industries as hydrocracking, hydrogenation of fats and oils, methanol 
production, manufacture of silicon, among others [2]. This component can be obtained in the 
course of several chemical and industrial processes by the conversion of hydrocarbons and 
methanol on a reforming process to produce a synthesis gas [3].  
Despite all the methods for obtaining hydrogen, catalytic reforming of natural gas bound with 
a water gas shift reaction step is mainly the utmost profitable process for hydrogen 
production at a commercial scale [4]. In this process, hydrogen is obtained mixed with a high 
proportion of impurities, such as water vapour, carbon dioxide, methane, carbon monoxide, 
and in some cases, nitrogen. Hydrogen is also obtained mixed with impurities in off-gases 
from many processes, such as catalytic reforming of naphta, ethylene production, and 
ammonia production. Reducing the content of impurities in hydrogen is essential for its 
applications [5].  
1.2 Process System Enterprise 
Process System Enterprise is the world’s leading supplier of Advanced Process Modelling 
technology and related model-based engineering and innovation services to the process 
industries. PSE helps customers to apply advanced models based on their gPROMS® platform 
technology, enabling these customers to explore the process decision space rapidly, reducing 
uncertainty and make better, faster and safer design and operating decisions through deeper 
understanding of their processes. 
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1.3 Objectives and Outline  
The purpose of the present work is to provide a breakthrough model that could be used in PSA 
processes employing columns with more than one layer of different adsorbents. Two different 
isotherm models are being incorporated in gPROMS® libraries, with the purpose of being 
employed in simulations concerning multilayer adsorption columns.  
With the aim of validating the models, data from the literature present in chapter two is 
going to be used in the breakthrough simulations.  
A tool present in gPROMS, parameter estimation tool, is going to be employed with the 
purpose of estimating the Linear Driving Force parameters, as well as, isotherm parameters in 
order to evaluate the capacity of this tool in predicting parameters related with a 
breakthrough simulation with multilayer adsorption bed.   
This work is outlined as follow:  
In chapter two a brief introduction of the main concepts of Pressure Swing Adsorption is 
presented along with some concepts of the adsorption process. Several industrial and Lab 
scale processes concerning multilayer PSA systems are described.  
Chapter three contains the main equations of the mathematical model inserted in gPROMS® 
adsorption libraries and, a brief description on gPROMS® tool is made.  
In chapter four the modelling done is presented as well as the breakthrough simulations and 
validations. Parameter Estimation of the LDF coefficients and isotherm parameters using the 
developed models is also performed and presented in this chapter.   
 
Pressure Swing Adsorption for Hydrogen Purification 
Contextualization and state of art  3 
2 Contextualization and state of art  
Several separation processes could be employed for gas separation, such as extraction, 
distillation and adsorption. Although distillation is simpler, the costs associated with energy 
became a problem that worked as a driving force to more research in adsorption [6]. The 
adsorption processes, mostly Pressure Swing Adsorption (PSA), are the most commonly used 
for this purpose due to its characteristics for the separation of gases mixtures [2]. 
2.1 Pressure Swing Adsorption and its Milestones  
Although the establishment of PSA processes is frequently attributed to Skarstrom and Guerin 
de Montgareuil and Domme in 1957-1958, several of the crucial aspects of this process were 
established earlier in the work of Kahle. In the patent dated from 1953, Kahle states an 
adsorption process for the separation and purification of gas mixtures. A process composed by 
two adsorbent columns is described with the purposes of improvement of the process and 
particularly, accomplish a more economical consumption of the quantities of heat and cold 
employed [7]. Later, in 1957, Skarstrom presents a process for the drying of the air, or other 
gases materials, without the need of external heat to regenerate the adsorbent, which 
reduces the requirement for adsorbent material and provides equipment that allows the 
production of effluent streams rich, in at least, one component. The process was composed 
by two adsorbing beds [8]. Pressure Swing Adsorption systems were the first technology 
created using the Skarstrom’s cycle [9]. Some of the milestones as well as relevant papers 
and patents of Pressure Swing Adsorption evolution are gathered in Appendix 1.  
2.2 Adsorption  
Adsorption is based on the interaction that occurs between gas molecules when nearby a solid 
surface, resulting in a reduction in potential energy. In order to maintain the molecular 
density in the surroundings of the surface greater than in the free-gas phase, the molecules 
tend to concentrate in the solid region. The attributes of the solid and sorbate are very 
crucial in determining the strength of the surface forces. If the interactions between gas and 
solid are weak, involving only van der Waals forces the phenomena described will be physical 
adsorption. Different molecules will interact differently with the surface, and, the nature of 
the surface involved will also affect the nature of the interaction. These factors define the 
“selectivity” of the process which is the substance for adsorption separation processes. Due 
to the small capacities attainable in the chemisorption processes, most feasible adsorption 
processes, including PSA, rely on physical adsorption. The behaviour of a PSA process is highly 
determined by equilibrium and kinetic aspects, however, the relative significance of each of 
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these factors varies from system to system. In the great number of PSA processes the 
selectivity depends on differences in the equilibrium but there are also some PSA processes in 
which the separation depends on the differences in the adsorption rate [10].  
2.3 Isotherms  
In order to obtain a perception of the adsorption mechanism, adsorption isotherms are 
employed. They consist in curves that relate the holding of a substance from a fluid phase in 
the solid-phase at equilibrium. Due to adsorption complexity, several models of isotherms 
have been developed [11].   
The shape of the isotherm is very important when deciding on the sorbate that will be used in 
a process. Isotherms can be categorized as linear, favourable or unfavourable.  When the 
isotherm has a convex upward curvature it is entitled as favourable, and the dimensionless 
adsorbed phase is always higher than the dimensionless fluid phase concentration.   When an 
isotherm is favourable in the adsorption step it is unfavourable in the desorption, once that 
the initial and final states are reversed and vice-versa [12].  
 
Figure 2.1 – Dimensionless equilibrium isotherm showing the meaning of “favorable”, “linear” 
and “unfavorable” 
Several isotherms can be found in the literature and each can produce a better fitting for a 
specific situation. The Langmuir isotherm approaches the Henry’s Law for low concentrations 
and a saturation limit at high concentrations. The Langmuir-Freundlich isotherm combines the 
form of the Langmuir isotherm with the form of the Freundlich isotherm. This isotherm can 
be employed for several different systems and in a wide range of conditions; however, it does 
not reduce to Henry’s Law in the low-concentration limit [10].  
Other isotherm models can be found in the literature. For example, in the work of Bastos-
Neto et al. for the study of the breakthrough curves of methane, the adsorption equilibrium is 
described by the Toth model [13]. In 2012 Filipe Lopes et al. employed the Virial adsorption 
isotherm model in their work on fast-cycling VPSA for hydrogen purification [14].  
q
 
c 
Linear
Favorable
Unfavorable
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2.4 Adsorbents  
Adsorbents play a very important role in the adsorption process and their selection 
determines the performance of the separation. Several factors are accounted for when 
selecting an adsorbent for a particular process, such as the multicomponent adsorption 
equilibrium capacities, selectivity’s, available surface area, among others [15].  
The most common adsorbents employed in Pressure Swing Adsorption for hydrogen 
purification include activated aluminas, silica gels, activated carbons (ACs), and zeolites [16]. 
Silica Gel and Activated Alumina are both useful desiccants but, while silica gel has high 
capacities at low temperatures, activated alumina has at high temperatures [6]. Activated 
carbons exhibit higher CO2 adsorption capacities when compared with the other adsorbents 
and they are very competitive due to their low cost, high surface area and amenability to 
pore structure modification, and surface functionalization (Wang et al., 2011) [17].  
In the other hand, zeolites are porous crystalline aluminosilicates. The fact that its structure 
is a combination of SiO4 and AlO4 tetrahedra, connected in several regular arrangements 
through shared oxygen atoms, forming an open crystal lattice which determines the 
micropore structure precisely uniform, with no distribution of pore size. This characteristic of 
zeolites distinguishes them from the other adsorbents [6].  
2.5 PSA basic cycles  
A Pressure Swing Adsorption process requires an adsorbent that preferentially adsorbs one 
component from a mixed feed. Two main steps characterize this process: adsorption, during 
which the preferentially adsorbed species are gathered from the feed, and desorption (or 
regeneration) step, where species are taken out from the adsorbent [10].   
The basic PSA system proposed by Skartstrom in 1957 still is the basis of the actual PSA 
processes (Figure 2.2). This specific process entailed two adsorbing beds and each bed was 
submitted to four different steps: Pressurization, Adsorption (Feed), Countercurrent 
Blowdown and Countercurrent Purge [10],[18].  
When operating, a PSA process produces at least two streams. In the adsorption step, a 
stream rich in the less adsorbed species is formed and it is usually named as “light product” 
or raffinate stream. In the desorption step, a stream rich in the strongly adsorbed species is 
obtained and is often called as “heavy product” or extract stream [19]. 
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Figure 2.2 – The sequence of steps in the basic Skarstrom PSA cycle adapted from Pressure 
Swing Adsorption [10] 
Since the establishment of the Skarstrom cycle (Figure 2.2) in 1957 many innovations have 
been introduced in the PSA process, as well as, new elementary steps. One of the first 
improvements was the introduction of the concurrent depressurization elementary step 
(Avery and Lee, 1962; Cassidy and Holmes, 1984). This was an important progress given that it 
increases the concentration of the strongly adsorbed components just before the 
countercurrent blowdown, while the outlet stream consists in pure light product [20]. 
Afterwards, in 1966 Berlin introduced another step, the equalization step [21]. This step is 
extremely important since it allows energy savings and enables an increase in the recovery of 
the weakly adsorbed species [22].  
2.6 Temperature Swing Adsorption and Vacuum Swing Adsorption  
Other modus operandi can be applied to the Adsorption process. Instead of using the variation 
of pressure (as used in PSA) the variation of temperature can be used instead. In a 
Temperature Swing Adsorption (TSA) process desorption step is carried with the increase of 
temperature. Due to the fact that adsorption is an exothermic process the increase of 
temperature will favour the desorption step [23]. In processes where the concentration is low 
and the adsorption step takes longer, Temperature Swing Adsorption is useful [24].  
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In a Vacuum Swing Adsorption (VSA) process the regeneration step is accomplished at a lower 
pressure, which requires the use of vacuum [25]. The main advantage of this process is the 
fact that the working capacity of the adsorbent is higher under vacuum operation [26].  
2.7 Multilayer Adsorption  
In the first chapter of this work several processes where hydrogen can be obtained are 
presented. However, the streams used as feed to obtain hydrogen with high purity have more 
than one contaminant. Usually, these streams are composed by hydrogen, methane, carbon 
dioxide, carbon monoxide and nitrogen. Due to the differences between these components, 
the adsorbents employed must have different properties in order to allow the desired 
separation. To overcome this issue, multilayer beds were introduced in the PSA process. Beds 
with layers of different adsorbents are used in order to obtain a high purity product with 
benefits such as a more compact process with a low number of columns and valves. This 
concept was introduced initially for the pre-purification of the feed streams of the PSA 
process (Chlendi and Tondeur, 1995; Pigorini and LeVan, 1997) [27].  
According to J. Yang, C.H. Lee (1998) each layer employed in the adsorbing bed is used for 
the removal of a specific contaminant [28]. In multilayer PSA process alumina is employed in 
order to remove moisture contained in the feed gas while activated carbon is used to remove 
the carbon dioxide and hydrocarbons like methane, ethane and propane. Zeolite purpose is to 
take care of carbon monoxide, nitrogen, argon and residual methane [29]. 
Another aspect that needs to be taken into consideration when using a multilayer process is 
the fact that some components may adsorb too strongly in a specific adsorbent. In that case, 
it is necessary to prevent the so-called component to reach the layer of adsorbent in which 
adsorbs strongly, so that desorption is achievable without the need of vacuum. For example, 
when operating a column with activated carbon and zeolite it is necessary to prevent the 
carbon dioxide from adsorbing in the zeolite due to the fact that this component adsorbs too 
strongly in the zeolite and, for the regeneration to be possible, very low pressures would be 
required [30].  
2.8 Breakthrough curves  
In a PSA process the adsorption step plays a very important role with respect to the 
optimization of the procedure. For this reason, the adsorption dynamics and the breakthrough 
behavior of a layered bed, according to the mixture, can be of extreme importance in order 
to have a well design PSA process. Several breakthrough curves for different mixtures are 
presented in the work of Jeong-Geun Jee et al. with the aim of validating a simulation model 
[31]. The knowledge of the breakthrough curve of the adsorption step in the PSA process 
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assumes a high importance when it comes to provide a direct and representative 
interpretation of the adsorption process. An evaluation of the amount adsorbed, the influence 
of other species and the interval required by each step (adsorption and desorption) can be 
obtain through the analysis of the breakthrough curve [13].  
Due to the importance played by the adsorbent material in the adsorption process, the 
knowledge of the thermodynamics and the kinetics of a given adsorbate/adsorbent system is 
therefore necessary and can be acceded through the equilibrium adsorption isotherms and 
breakthrough experiments, respectively [32].  
2.9 Pressure Swing Adsorption for Hydrogen Purification  
Numerous PSA processes for the purification of hydrogen are found in literature with different 
configurations. These configurations may vary in the number of beds put to use, the number 
of steps, number of equalization steps, the adsorbents employed as well as the number of 
layers of adsorbent and the disposition of it, along with others. Also, the equations used in 
the models and the equations employed for the calculation of some parameters may vary.   
In 2003, Baksh et al. compared recoveries and purities obtained in processes with 2 beds – 12 
steps, with and without product pressurization. Beds had three adsorbent layers: alumina, 
activated carbon and zeolite. Results demonstrate that product pressurization increases 
purity from 99.9 to 99.991% but decreases recovery from 80 to 77.81%. It was also suggested a 
4 bed – 12 steps process with a purity of 99.99999% and recovery of 77.5% [33].  
Later, Gittleman et al. (2005) examined the performance of the separation in a system with 9 
beds, 3 simultaneously in adsorption steps and 2 equalizations for the same inlet stream, but 
with different feed pressures. Results showed that increasing the inlet pressure increases also 
the recovery. This process was performed at a temperature of 60°C [34]. 
In 2006, Sircar and T.C. Golden studied the two most used PSA processes for hydrogen 
purification. The process patented by Union Carbide Corporation of U.S.A. named as Polybed  
consists in a cycle with 11 steps. This process allows recoveries of 86.0% and purities of 
99.999 %. The other process, named as Lofini process and patented by Toyo Engineering 
Corporation of Japan, consisted in 9 steps and 4 beds. With this process recoveries of 86.3 % 
and purities of 99.96 % are achievable. Multilayer beds for the two processes were used with 
a first layer of activated carbon and the other layer with zeolite 5A [15].  
A comparison between a complete and reduced model was studied by Ana M. Ribeiro et al. 
2008. While the complete model comprises three equations for the mass balance (gas phase 
balance, solid-phase macropore balance and the solid-phase micropore balance), one 
momentum balance equation and three energy balance equations (gas-phase balance, solid-
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phase  and column wall balance) in the reduced model one mass balance equation is removed 
due to the assumption that one of the mass transfer mechanisms controls. It was assumed 
that micropore diffusion is the controlling mass transfer resistance. Also, for the energy 
balance equations, it was assumed that all the system is in thermal equilibrium, meaning that 
the column wall temperature is the same as the temperature in the gas and solid phases. The 
performed simulations showed that the reduced model could predict the PSA process with 
satisfactory results.  
In order to obtain high purity hydrogen for fuel cells applications, Papadias et al. (2009) 
studied the effect of the percentage of activated carbon and zeolite concluding that 
increasing the fraction of the layer of zeolite decreases the CO in the product stream. If the 
percentage of activated carbon is inferior to 20%, the possibility of carbon dioxide’s 
breakthrough increases [35].  
E. H. Majlan et al. (2009) showed that it was possible to reduce the quantity of CO in the 
product when using only activated carbon but with Compact Pressure Swing Adsorption (RPSA) 
[36].  
Filipe Lopes et al. (2012) performed simulations in a four bed – 5 steps system in order to 
evaluate the effect of the purge step in the performance of the Rapid Vacuum Swing 
Adsorption process, concluding that increasing the purge time would increase the hydrogen 
purity with repercussions in the recovery, which will be lower [14].  
Soon Haeng Cho et al. (2012) investigated the effect of CuCl impregnated in Zeolite 5A, using 
for that matter a PSA system with 4 beds – 9 steps. The outcome showed that, when zeolite 
5A is impregnated with CuCl, improvements in recovery are obtained being the increase in 
methane in the product stream the trade-off. With this process the amount of CO in the 
product stream could be reduced to 0.5 ppm [37].    
A PSA process consisting in 5 beds and five layers of adsorbent was proposed by M. R. 
Rahimpour et al. (2013) being the layers, from feed to product end, aluminium oxide, 
activated carbon, and three layers of zeolite, all with different particle diameters. The first 
layer is constituted by aluminum oxide with a spherical shape and the particle diameter 
oscilates between 3-5 mm with the purpose of keeping components as mercury and arsine 
from entering the bed. A second layer of adsorbent consisting in granules of activated carbon 
with a diameter of 2 mm is used to adsorb the hydrocarbons present in the feed mixture. The 
remaining three layers the adsorbent is zeolite. In these layers carbon monoxide and methane 
are adsorbed. The second layer of zeolite (4th layer of the bed) consists in pellets with a 
diameter between 1.6 and 1.8 mm while the other two layers of zeolite are also pellets but 
with a diameter of 2-4 mm. This size arrangement is merely due to the fact that the 
adsorbent with the particles of smaller size are more expensive than the others [2]. 
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Mohamed S.A. Baksh et al. (2013) patented a process for Praxair using 6 adsorbing beds. The 
process could be executed with 6 beds and 18 steps or in turndown mode with 5 beds and 15 
steps. The turndown mode allows operating the process with some of the beds in an off mode 
if the needs of the process vary. Beds are composed by 5 layers of adsorbent: one layer of 
alumina to adsorb the moisture contained in the feed, two layers of activated carbon with 
different diameters where the carbon dioxide and methane are adsorbed and two layers of 
zeolite also with different diameters to remove the carbon monoxide, nitrogen and the 
residual methane. Despite the different length of each layer of activated carbon and zeolite, 
also the particle sizes vary in order that each layer of each adsorbent adsorbs preferentially 
one specific component due to the fact that the particle’s size affects the rate of adsorption 
and desorption. While the first layer of activated carbon particles must have sizes between 
1.0 and 2.0 mm in order to adsorb the methane the second layer consists in particles with a 
size range of 0.5-1.5 mm so that this layer is responsible for adsorbing the carbon dioxide. In 
the first layer of zeolite the particle’s size range must be between 0.5-2.0 mm in order to 
adsorb carbon monoxide while the second layer of zeolite has a particle size range between 2 
and 3 mm considering that there are no diffusional limitations in respect to the N2. This 
process aims at purities of 99.999% whether using 5 or 6 beds and recoveries of 88% for 6 beds 
process and 85.5% for 5 beds process. If instead of using one adsorption step two simultaneous 
adsorption steps are employed the total bed size factor decreases, maintaining the recovery 
of 85% and purity of 99.999% [29]. 
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3 Modelling Tool and Mathematical model  
In this chapter the main concepts of gPROMS® tool are introduced. The main equations and 
models existing in the PSA process are exposed in order to enable a better understanding of 
the work done subsequently.  
3.1 gPROMS® Tool  
gPROMS®  is a platform for high-fidelity predictive modelling for the process industries. It is 
the foundation on which all of PSE’s gPROMS® family modelling and optimization products are 
built. The main applications of gPROMS® family products are in model-based engineering 
activities for process and equipment development and design, and optimisation of process 
operations.  
3.1.1 gPROMS® fundamentals 
gPROMS® is an equation-oriented modelling platform. A model consists of a number of 
equations and variables. The equations are solved concurrently to determine the values of the 
variables. All quantities calculated by Model Equations and Variables are variables; variables 
are always Real (continuous) numbers and must always be given a Variable Type.  
A Model provides a description of the physical behaviour of a given system in the form of 
mathematical equations: a gPROMS® process model will contain at least one Model. Each 
Model contains the following information (defined in each of its associated tabs):  
 A gPROMS Language declaration: a Model’s gPROMS® Language tab is where the 
mathematical equations are provided along with the declaration of the quantities 
(such as Parameters and Variables) that appear in these equations.  
 A Public interface: a Model interface consists of an icon, Model port declarations 
and a Specification dialog. The interface captures information explaining how to 
use the Model within composite or flowsheet Models and to aid in making Model 
specifications.  
 A topology: the topology tab is used for the graphical construction of flowsheet 
Models. On the topology tab we can drag and drop existing component Models and 
equate their Model Ports by making graphical connections. These connections are 
represented in the gPROMS® language tab as mathematical equations.  
A Model can usually be used to study the behaviour of the system under many different 
circumstances. Each such specific situation is called a simulation activity. The coupling of 
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Models with the particulars of a dynamic simulation activity is done in a Process Entity. A 
Process performs two key roles: 
 to instantiate a generic Model: this is done by providing specifications for all the 
Model’s Parameters, Input Variables (degrees of freedom), Selectors and Initial 
Conditions that have not been given values directly in the Model. Any 
specifications given in Specification dialogs from the topology of a flowsheet Model 
will appear as un-editable text in the Process Entity.  
 to define an operating procedure for a process model in the form of a Schedule; a 
Schedule may simply specify the execution of an undisturbed simulation for a 
period of time or a more complex scenario such as Modelling the start-up of a 
complex Process with multiple external disturbances to the system. 
3.1.2 gPROMS® Libraries 
To model Pressure Swing Adsorption (PSA) or Temperature Swing Adsorption (TSA) the 
Separation part of the gPROMS® Model Libraries (gML) are required. The gML libraries are a 
set of libraries that can be used to model processes in the chemical and petrochemical 
industries. The list of models related to the PSA modelling are showed in Appendix 2 and they 
can be combined with other gML models to model a PSA system as a part of a full plant 
model.  
3.2 Component and mathematical model  
Models describing the phenomena taking place in the adsorption bed, source, sinks, valves, 
stream analyzer and PID controller are all connected and are all required for the simulations 
of the PSA process. Taking into consideration the number of equations employed in all the 
models related with the PSA process only the main equations used in the adsorption bed 
model is presented in the present section of this work.  
All the information on the models and equations being used in the present work were 
obtained from the gML manual from gPROMS®.  
3.2.1 Adsorption bed model  
In this model a 1-dimensional axially distributed bed in terms of the mass and the energy 
transport through the bed as well as the mass and energy transport between the gas phase 
and the adsorbent material, including also the momentum balance in the bed which depends 
on the mass flow rate is described. This model has an interface with different tabs including 
the design, the fluid, the wall, the isotherm, dynamics and numeric which allows the user to 
Pressure Swing Adsorption for Hydrogen Purification 
 Modelling Tool and Mathematical Model   13 
specify some parameters (see Appendix 2). This model comprises a number of models whose 
equations are described below.  
3.2.2 Mass balance  
In describing these equations it is assumed that the mass transfer driving force is on a solid 
coverage basis instead of on a concentration or partial pressure basis.  
The continuity equation for each species in the fluid phase is given by:  
 
𝜀𝑡𝑜𝑡
𝜕𝜌𝑥𝑖
𝜕𝑡
+
𝜕𝜌𝑢𝑥𝑖
𝜕𝑧
= 𝜀𝑏𝑒𝑑
𝜕
𝜕𝑧
(𝜌𝐷𝑎𝑥
𝜕𝑥𝑖
𝜕𝑧
) − 𝜌𝑏𝑒𝑑𝑀𝑊𝑖𝜔𝑖(𝑞𝑒𝑞,𝑖 − 𝑞𝑖) (3.1) 
The subscript 𝑖 refers to the components in the feed mixture.  
For the mass balance the boundary conditions for the inlet and outlet are:  
 𝑖𝑛𝑙𝑒𝑡 ∶                                                            
𝐹𝑖𝑛𝑤𝑖𝑛
𝐴
=
𝐹𝑖𝑛𝑥𝑖
𝐴
− 𝜀𝑏𝑒𝑑𝜌𝐷𝑎𝑥
𝜕𝑥𝑖
𝜕𝑧
 (3.2) 
 
𝑜𝑢𝑡𝑙𝑒𝑡:                                                                                   𝜀𝑏𝑒𝑑𝜌𝐷𝑎𝑥
𝜕𝑥𝑖
𝜕𝑧
= 0 (3.3) 
The mass balance for the adsorbed phase is given by:  
 𝜕𝑞𝑖
𝜕𝑡
= 𝜔𝑖(𝑞𝑒𝑞,𝑖 − 𝑞𝑖) (3.4) 
3.2.3 Energy Balance 
Equation (3.5)  denotes the energy balance for the bed used in the PSA simulations.  
 𝜕𝑈𝑏
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(3.5) 
For this equation, the boundary conditions are:  
 
𝑧 = 0:             𝐹𝑖𝑛ℎ𝑖𝑛/𝐴 = 𝑢𝜌ℎ − 𝜀𝑏𝑒𝑑𝐷𝑎𝑥𝜌
𝜕ℎ
𝜕𝑧
− (𝜀𝑏𝑒𝑑𝜆 +
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2
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)
𝜕𝑇
𝜕𝑧
 (3.6) 
 
 
𝑧 = 1:                                                                                                                       
𝜕𝑇
𝜕𝑧
= 0   (3.7) 
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When calculating the internal energy of the bed, the contributions of both the fluid and the 
solid phases have to be considered, therefore, equation (3.8) is used for that purpose.    
 
𝑈𝑏 = 𝜀𝑇(𝜌ℎ − 𝑃) + 𝜌𝑏𝑒𝑑 (∑𝑞𝑖ℎ𝑎𝑑,𝑖
𝑖
+ 𝐶𝑝,𝑎𝑑𝑠(𝑇 − 𝑇𝑟𝑒𝑓)) (3.8) 
The mass specific enthalpy of an adsorbed species is given by: 
 ℎ𝑎𝑑,𝑖 = ℎ𝑖
∅(𝑇, 𝑃) + 𝛥𝐻𝑎𝑑,𝑖 + 𝛥𝐶𝑝,𝑎𝑑,𝑖(𝑇 − 𝑇𝑟𝑒𝑓) (3.9) 
The heat transfer through the wall of the bed needs to be taken into account so the energy 
balance model is completed. Equation (3.10) gives the energy balance to the wall.  
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2 (𝑇𝑤
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(3.10) 
3.2.4 Momentum balance 
The static pressure drop is determined from the Ergun equation as follows.  
 
𝜕𝑃
𝜕𝑧
− 150𝜐
(1 − 𝜀𝑏𝑒𝑑)
2𝑢
𝜀𝑏𝑒𝑑3𝑑𝑝
2 −
1.75(1 − 𝜀𝑏)𝜌|𝑢|𝑢
𝜀𝑏3𝑑𝑝
= 0 (3.11) 
3.2.5 Linear Driving Force  
Equation (3.4) used to describe the mass transport between the fluid and an adsorbed phase 
requires a mass transfer coefficient. The following general correlation is used to describe the 
pressure and temperature dependence resulting from different types of diffusion processes 
taking place: 
 
𝜔𝑖 = 𝜔0,𝑖 (
𝑇
𝑇𝑟𝑒𝑓
)
𝑛𝑇
(
𝑃
𝑃𝑟𝑒𝑓
)
𝑛𝑃
 (3.12) 
Depending on the type of mass transfer chosen in the bed configuration dialog the 
coefficients are set to the values presented in Table 3.1.  
This correlation can be adapted to user requirements. The mass transfer coefficient relation 
can be edited directly and any relation between the temperature, pressure, mass fraction, 
density and the mass transfer coefficient can be introduced.  For the purposes of this work no 
changes were made to this correlation.  
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Table 3.1 – Coefficients for the different types of mass transfer   
Mass transfer type nT nP 
Constant 0 0 
Bulk 1.81 -1 
Knudsen 0.5 0 
Custom - - 
 
3.2.6 Fluid properties 
The physical properties of the fluid are calculated through relations for density, thermal 
conductivity, viscosity, enthalpy and pure component molar enthalpy. In the template “fluid 
properties” calls to a Physical Properties package implemented as gPROMS Foreign Object are 
made. This model can be customized by the user implementing custom correlations for 
physical properties or modify the names of the Foreign Object physical properties calls to 
conform to other types of physical property packages.  
gPROMS® contains a physical properties package named Multiflash that supports all 
commonly-used thermodynamic and transport properties, including a wide range of equation 
and state activity coefficient thermodynamic models. Multiflash is specifically designed for 
equation-orientated modelling, providing tight convergence of internal iterations and 
analytical partial derivatives with respect to temperature, pressure and composition.   
3.2.7 Dispersion model  
The dispersion model is used to calculate the axial dispersion coefficient from the component 
diffusivities and the fluid condition at each point in the bed. However, this model can be 
customised by the user and the correlation used can be also modified.  
gPROMS® also provides the option of using a constant axial dispersion coefficient. When this 
option is considered, the user introduces the desired value for this coefficient in the dialog 
box concerning the mass transfer and then, this value is constant through the entire 
adsorption column.   
3.2.8 Isotherms 
The isotherms are used by the model to predict the amount of material that is adsorbed for 
each component when the gas phase and the surface are in equilibrium. In gML library there 
are four options available to specify the adsorption for a multicomponent mixture:  
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 Langmuir: 
 
𝑞𝑒𝑞,𝑖 =
𝑞0,𝑖𝑏𝑖𝑝𝑖,
1 + ∑ 𝑏𝑗𝑝𝑗
𝑛
𝑗=1
    𝑏𝑖 = 𝑏1,𝑖𝑒
1000𝑏2,𝑖(
1
𝑇−
1
𝑇𝑟𝑒𝑓
)
 
(3.13) 
 Langmuir-Freundlich  
 
𝑞𝑒𝑞,𝑖 = (𝑞𝑒𝑞,𝑖
0 + 𝑞𝑒𝑞,𝑖
1 𝑇)
𝑏𝑖𝑝𝑖
1
𝑛1+
𝑛2
𝑇
1 + ∑ 𝑏𝑗𝑝𝑗
1
𝑛1+
𝑛2
𝑇𝑗
 ,      𝑏𝑖 = 𝑏1,𝑖𝑒
𝑏2,𝑖(
1
𝑇−
1
𝑇𝑟𝑒𝑓
)
 
(3.14) 
 Ideal Adsorbed Solution (IAS) Theory  
Temperature dependence of the mass transfer constant in line with Knudsen-type 
diffusion in pores.  
 
Table 3.2 – Parameters of the existing isotherms in gML libraries  
Parameter Symbol Description 
Adsorption constant pre-
exponential factor 
𝑏1 
Pre-exponential part of the pure-
component adsorption equilibrium 
constant. 
Adsorption constant 
activation energy 
𝑏2 
Activation part of the pure-component 
adsorption equilibrium constant. 
Saturation loading 𝑞0,𝑏1 Pure component Henry’s law constant 
Inhibition constants 𝛼 
Inhibition constants to describe the effect 
of each adsorbed component k on the 
adsorption of a particular component i 
 
 Custom model  
gPROMS® allows the use of a custom isotherm that is written by the user in the 
custom model isotherm present in gPROMS® libraries.  
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4 Modelling and Simulation  
In this chapter all the adjustments and improvements made to some of the current models in 
gPROMS® libraries’ are presented as well as the results obtained and the motivations to do 
so. The new models are tested with data from the literature presented in chapter 2 of this 
work, providing the possibility of comparing the simulation results with experimental data.  
4.1 Breakthrough model validation  
A model that allows the prediction of the breakthrough time in a PSA process is very 
important for the industries in use of this technology. Recently, a multilayer adsorption bed 
model was added to gPROMS® libraries, however this model was validated using a custom 
isotherm. The standard Langmuir and Langmuir-Freundlich isotherms were not yet used for a 
multilayer process simulation. 
As it was mentioned before in chapter 3 of the present work (section 3.2.8), different 
isotherm models exist in gPROMS® libraries and could be employed for adsorption processes 
employing one layer of adsorbent. Considering that breakthrough simulations concerning an 
adsorption bed with more than one layer of adsorbent are going to be performed, these 
models need to be improved in order to be applied to multilayer processes.  
The breakthrough process used for all the simulations (see Figure 4.1) consists in one source, 
one sink, two reversible valves and one multilayer adsorption bed. In the source, the 
composition of the feed is specified as well as the feed temperature, feed pressure and feed 
flow rate. The valves allow maintaining the desired pressure inside the column while the sink 
is where the product’s composition specification is defined as well as the product pressure 
and temperature. In the adsorption bed dialog box it is also possible to define the initial 
composition inside the column, the initial temperature and the pressure inside the column. It 
is also in the mentioned dialog box that the properties of the bed and the adsorbent are 
specified. Likewise, the isotherm being employed in the process is chosen and its parameters 
are defined. The tabs present in the dialog box associated with the adsorption bed can be 
seen in Figure 4.1.  
In order to have the new isotherm models working properly, it was required to add some 
changes to some of the existing models needed for the PSA process simulation. The models 
profiting from these changes, the changes made and reasons for it are mentioned below in 
this section, as well as the results from the simulations performed resorting these models.  
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Figure 4.1 – Adsorption bed layout on the left and dialog box on the right   
4.1.1 Axial dispersion model  
As it was mentioned in the previous chapter, the axial dispersion coefficient could be either 
calculated through a correlation already included in gPROMS® or it could be calculated 
through any other correlation preferred by the user through the custom dispersion model.  
The original dispersion model calculates the axial dispersion coefficient for each component 
by means of the correlation suggested by Edwards and Richardson. Nevertheless, a correlation 
involving a fewer number of equations was suggested in the literature presented in the 
chapter 2 of this work. The correlation proposed by Wakao and Funazkri (1978), characterized 
by equation (4.1) was then incorporated in gPROMS® libraries replacing the original dispersion 
correlation.  
 
𝜀𝑏𝑒𝑑𝐷𝑎𝑥
𝐷𝑚
= 20 + 0.5𝑆𝑐𝑅𝑒 (4.1) 
As the original dispersion model, the one employing the Wakao and Funazkri correlation 
allows to calculate the axial dispersion coefficients for every component of the feed mixture, 
being the diffusivities the only parameter required. The other variables are calculated 
through variables from the adsorption bed.  The Wakao and Funazkri correlation requires a 
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smaller number of equations due to the minor number of variables, leading to the reduction 
of the time needed for the simulation to be completed.   
For each layer, the axial dispersion coefficient is assumed to depend on the fluid properties in 
the same way.  
4.1.2 Multilayer model  
The multilayer model allows the exchange of information between the adsorption bed model 
and the isotherm model, as can be seen in Figure 4.2. Also, the multilayer model lets the user 
choose the isotherm model intended to be used for the simulation. Although there are 
different isotherm models present in the gPROMS® library, only one isotherm can be applied 
for each simulation. It is not possible yet to employ different isotherms according to the 
adsorbent, for example.  
 
Figure 4.2 – Connections between isotherm model, adsorption bed model and multilayer 
model 
Different sections compose the multilayer model. A first section, where the connection with 
the variables provided by the adsorption bed is formulated, is followed by a section for each 
existing isotherm model. In the section corresponding to each isotherm model the connection 
between the variables used in both models takes place.    
The different isotherms models existing in gPROMS® libraries are defined by different 
equations and, each of it with different parameters. For this reason, each isotherm 
corresponds to a different model and all these isotherm models are connected to the 
multilayer model.  
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When considering a process with a multilayer adsorption bed, the number of parameters 
being considered for the isotherm changes. While in a column filled with one layer of 
adsorbent the parameters of the isotherm are the same throughout the entire column, in a 
multilayer adsorption bed these parameters have different values for each different layer 
present. Also, the heat of adsorption undergoes a different distribution domain. In a one layer 
column the heat of adsorption for each component is constant for the whole process. In a 
multilayer process this variable varies according to the layer of adsorbent and, for this 
reason, the distribution of this variable as an array of components needs to be altered to a 
variable with a distribution in the components and the number of layers.   
A relation between the variables being exchanged between models is needed so that the 
values of those are correctly used for the respective models. When a column is composed for 
a single layer of adsorbent equality between the variables in the dimension z is sufficient for 
the correct linkage of these values. However, this relation is no longer valid when the column 
in the process is composed by layers of different adsorbents.  
Table 4.1 - Connection between equal variables present in the multilayer and isotherm 
models  
Connection between bed and multilayer models for one layer column 
For z = 0  to 1  
qeq = isotherm. qeq 
heat od adsorption = isotherm. heat of adsorption 
For a multilayer process these variables are calculated separately for each layer preventing 
the use of the relation above. A relation between these variables and the layers of the 
column is then of extreme importance to assure that the exchange between models is 
correctly done and, also that the variables are being calculated for the right layer of the 
column.  
Therefore, a variable that relates the length of the column with the layers needs to be 
introduced in order to ease the implementation and calculation of the variables being sent to 
bed in the different layers of adsorbent. This variable corresponds to an array of the number 
of layers + 1. This variable provides the correct use of the parameters for the calculation of 
the variables in the isotherm model in each layer, despite the number of layers that compose 
the adsorbing bed.   
With the introduction of this new variable a connection between the first point of the column 
is calculated in a FOR DO cycle and in a second FOR DO cycle the remaining calculations are 
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incorporated. A relation between the axial dimension and the fraction of this dimension 
corresponding to a certain layer of the bed is obtained with the introduction of this variable 
and it can be seen below (Table 4.2). 
Table 4.2 – Scheme of the relations between variables in the multilayer model  
Relation between variables for a multilayer column 
For z = 0 to domain boundary per layer cum(1) 
qeq = isothermport. qeq 
heat of adsorption(1, ) = isotherm. heat of adsorption(1, ) 
For n = 1 to number of layers  
For z = domain boundary per layer cum (n) to domain boundary per layer (n+1)  
qeq = isothermport. qeq 
heat of adsorption(n, ) = isotherm. heat of adsorption(n, ) 
The previously mentioned changes were applied to the sections of the Langmuir and 
Langmuir-Freundlich isotherms present in the multilayer model considering that these two 
models were also being improved with the purpose of being used in multilayer PSA processes.  
4.2 Langmuir-Freundlich multilayer isotherm  
Taking into account the literature [31], a Langmuir-Freundlich isotherm was chosen to be 
included in gPROMS® libraries. Considering that all the data required for the simulation could 
be accessed, a comparison between the results from the simulation with the model and the 
experimental data could be done.  
The selected literature for the validation of the Langmuir-Freundlich multilayer isotherm 
refers to a process where the adsorption column contains two layers, being the adsorbents 
employed, from the feed to the product end, activated carbon and zeolite. The effect of the 
feed flow rate and feed pressure were studied for mixtures of two, three and five 
components as well as the temperature profiles for each situation. In the mentioned work, 
the effect of the ratio of adsorbents used is also studied with breakthrough experiments 
performed for three different arrangements of the adsorbent layers.  
The mathematical model suggested in the considered literature assumes that the gas phase 
behaves as an ideal gas mixture, radial concentration and temperature gradients are 
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negligible, thermal equilibrium between adsorbents and bulk flow, the flow pattern is 
described by the axially dispersed plug-flow model and that the mass transfer rate is 
represented by a linear driving force (LDF) model.  
4.2.1 Langmuir-Freundlich isotherm modeling  
The Langmuir-Freundlich isotherm considered in the aforementioned work is described by 
equation (4.3) and the required values for the calculation of the correspondent parameters 
for each component in each adsorbent are displayed in Appendix 3 (see Table 5.4).   
 
𝑞𝑖 =
𝑞𝑚,𝑖𝐵𝑖𝑃𝑖
𝑛𝑖
1 + ∑ 𝐵𝑗𝑃𝑗
𝑛𝑗𝑛
𝑗=1
 (4.2) 
where   𝑞𝑚,𝑖 = 𝑘1 + 𝑘2𝑇, 𝐵 =  𝑘3 exp (
𝑘4
𝑇
), and 𝑛𝑖 = 𝑘5 +
𝑘6
𝑇
.  
The model containing the Langmuir-Freundlich isotherm consists in two FOR DO cycles of 
calculations as was previously done for the multilayer model. However, inside these two 
cycles are now the equations that allow the calculation of the parameters for the Langmuir-
Freundlich isotherm. As in the multilayer model, the heat of adsorption is provided as a 
parameter and its distribution is in the number of layers and in the components of the feed 
mixture.  
As it can be seen through equation (4.3), heat of adsorption is not an implicit variable in the 
given equation. However, this variable is required for the other models connected to the 
isotherm. For this reason, heat of adsorption is provided by the user through the isotherm 
dialog box in order to be used later by the other models without the need of introducing 
changes in the mentioned models.  
The given variables 𝑘1, 𝑘2, 𝑘3, 𝑘4𝑘5  and 𝑘6 are distributed as arrays of components and number 
of layers while the isotherm parameters 𝑞𝑚,𝑖, 𝐵𝑖 and 𝑛𝑖 have a distribution in the components 
and in the axial dimension. The assumption of an axial distribution for the isotherm 
parameters was made due to the temperature dependence of those, as it is shown in the 
equations that allow their calculation.   
To permit the user to enter the parameters for the isotherm using the dialog, some changes 
had to be made to the model interface. New fields were added to the dialog interface 
allowing the user to introduce all the information required for the specification of the 
Langmuir-Freundlich isotherm. Fields for each 𝑘 were introduced as well as a field for the 
heat of adsorption. The dialog interface for the multilayer Langmuir-Freundlich isotherm is 
displayed in Appendix 3 (see Figure 5.2).  
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4.2.2 Langmuir-Freundlich multilayer isotherm validation 
To simulate a breakthrough experiment the bed and adsorbent properties, the physical 
property package for the fluid and the assumption used in the simulation for mass and heat 
transfer should be specified. This information is taken from the work used for the model 
validation and it is gathered in Appendix 3 (sections 3.1 and 3.2) [31]. 
As it was mentioned previously in section 3.2.5, different types of diffusion processes may be 
considered. For the present validation all the different processes were tested and the one 
providing the best fit was chosen.  
The Linear Driving Force coefficients were assumed to be constant, while the diffusivities of 
each component were assumed to vary inversely with the system’s pressure. The feed 
temperature and the initial temperature inside the bed were assumed to be 303 K as well as 
in the product sink. For every simulation performed it was considered that the bed was 
initially filled with pure hydrogen as mentioned in the literature [31].  
The first simulations being performed were the ones where the feed was composed by binary 
mixtures. This was done considering that it was easier to compare results with a  lower 
number of component and that there are less interactions between components when 
compared to the five component mixtures.  
For all the simulations performed in the present work the Centered Finite Difference Method 
(CFDM) is being employed.    
4.2.2.1 Binary mixtures breakthrough simulations  
The influence of the feed pressure and feed flow rate were initially studied for two binary 
mixtures. The input conditions are showed in Table 4.3 and the results from the simulations 
are presented for each mixture separately.   
Table 4.3 – Input conditions  
Composition  Feed pressure (atm) Feed flow rate (SLPM) 
H2:CH4 (70%:30%) 
H2:CO (70%:30%) 
10  
4.5 
6.8 
9.1 
4 
10 
16 
6.8  
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For the binary mixture of H2:CH4 for different feed pressures at a constant feed flow rate the 
effect of the number of discretization points was studied and the results are presented 
in  Figure 4.3.  
 
Figure 4.3 Comparison of a breakthrough simulation with gPROMS® model for a mixture of 
hydrogen and methane using 10, 40 and 80 discretization points per layer  
The results of the present simulations showed that for a lower number of discretization points 
(10 discretization points per layer) a more dispersive breakthrough curve is obtained, when 
compared with the simulations for a higher number of discretization points. When comparing 
the simulations with 40 discretization points per layer with the ones with 80 discretization 
points per layer, it can be seen that the difference between them is not significant. Taking 
into consideration that the higher the number of discretization points the higher the time 
that required for the simulation to be performed, it was agreed to use 40 discretization points 
per layer in all the simulations concerning the Langmuir-Freundlich isotherm model.  
Figure 4.4 shows the comparison of the simulation breakthrough curves with the experimental 
data provided by the literature [31]. The increase of the feed pressure results in a higher 
adsorption capacity of the PSA column as can be seen in Figure 4.4, resulting in a later 
breakthrough time for higher pressures.  
When it comes to the comparison of the breakthrough times, gPROMS® model provides a fair 
prediction relatively to the experimental data. However, the difference between the values 
obtained through simulation and the experimental data increases slightly as the feed pressure 
increases. Although the increase in the number of discretization points from 10 to 40 provided 
a better approximation between the experimental and simulation breakthrough curves, a 
small difference between the slopes of both curves can be seen in Figure 4.4, which could be 
a consequence of a higher prediction of 𝑞 by gPROMS®.  
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Figure 4.4 - Comparison between the simulation and experimental breakthrough curves for 
pressures of 4, 10 and 16 atm for a binary mixture of H2/CH4 at a feed flow rate of 6.8 SLPM 
The effect of the feed flow rate was then analysed employing the same mixture composition 
from the simulation above. Simulation results were compared with the experimental data 
[31].  
 
Figure 4.5 - Effect of the feed flow rate in the experimental and simulated breakthrough 
curves for a binary mixture of H2/CH4 at a feed pressure of 10 atm    
Figure 4.5 shows that when increasing the feed flow rate the breakthrough time decreases 
due to the smaller residence time while, when decreasing the feed flow rate a higher 
breakthrough time is obtained. The comparison of the simulation results with the 
experimental data suggests that for higher feed flow rates a good prediction of the 
breakthrough time of the mixture is obtained with gPROMS® model. However, for a feed flow 
rate of 4.5 SLPM a difference of 80 seconds between the simulation and experimental 
breakthrough time is observed.  
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The analysis of experimental and simulation breakthrough times showed that the difference 
observed between these two breakthrough times is proportional to the feed flow rate 
employed. Also, for this situation, it was observed that:  
 𝑒𝑥𝑝𝑏𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡𝑖𝑚𝑒 = 0,9 𝑠𝑖𝑚𝑏𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡𝑖𝑚𝑒 (4.3) 
When it comes to the analysis of the shape of the breakthrough curve, it can be observed that 
the slopes of the experimental and simulation curves present a higher difference among them 
than what was observed for the simulation where variation of the feed pressure of the 
mixture was studied.   
For feed pressures of 16 atm, bigger deviations between experimental and simulation 
breakthrough curves is observed. For this reason, it was agreed to performed the simulations 
with other activity models and then compared the results with the previous ones, which 
considered the ideal gas activity model. The results obtained can be seen in Figure 4.6.  
Two new simulations were performed for the binary mixture of hydrogen and methane at a 
feed pressure of 16 atm and a feed flow rate of 6.8 SLPM employing two different activity 
models separatelly, the Virial model and the Redlich-Kwong model. The results from these 
simulations showed that the activity models have no visible impact on the breakthrough curve 
for the conditions and models being employed (Figure 4.6).  
 
Figure 4.6 - Comparison of the results obtained for a feed pressure of 16 atm using different 
activity model for a binary mixture of hydrogen and methane 
A binary mixture of hydrogen and carbon monoxide was used as a feed and simulations with 
the input conditions showed in Table 4.3 were applied with the aim of observing if the same 
deviations observed, for the binary mixture H2/CH4, also took place for H2/CO mixture.  
The analysis of the data presented in Figure 4.7 shows that the deviations for the binary 
mixture of hydrogen and carbon monoxide are different from the deviations obtained for the 
simulations with the binary mixture of hydrogen and methane. The results provided by 
gPROMS® for the present simulation show a smaller deviation when it comes to the 
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breakthrough time when compared with the H2/CH4 binary mixture, although the difference 
related with the axial dispersion persists.  
   
Figure 4.7 – Effect of the feed pressure at a feed flow rate of 6.8 SLPM on the left and effect 
of the feed flow rate at a feed pressure of 10 atm on the right in the breakthrough for a 
binary mixture of hydrogen and carbon monoxide 
When the variable being analysed is the feed flow rate (Figure 4.7) it is possible to observe a 
better agreement between experimental and simulation results. However, the difference 
between slopes for the lower feed flow rate still is slightly different.  
For different feed pressures it is possible to observe from Figure 4.7 that for higher pressures 
the deviation between experimental and simulation results is higher than for lower pressures. 
The difference observed between breakthrough times for the feed pressure of 16 atm is 
of 60 s. However, the results obtained for this mixture present more resemblance when 
comparing with the results obtained for the H2/CH4 mixture. 
Taking into consideration that the previous results showed that the resemblance between 
experimental and simulation profiles was influenced by the components composing the feed 
mixture, it was decided to simulate the breakthrough for a binary mixture of hydrogen and 
carbon dioxide. According to the information present in chapter two, carbon dioxide adsorbs 
strongly in the zeolite layer, requiring extremely low pressures in the purge step. For this 
reason, the knowledge of the behaviour of this component on the adsorption bed is very 
important to avoid the concentration wave of carbon dioxide to reach the zeolite layer.  
The breakthrough curve obtained for the binary mixture containing hydrogen and carbon 
dioxide showed a large difference when compared with the experimental data as can be seen 
in Figure 4.8.The difference obtained between breakthrough times was much higher than the 
observed for the other binary mixtures studied previously. With the purpose of finding the 
problem with the model, the loading profile across the column was analysed in order to have 
some insight on what was happening inside the adsorption bed. The loading profile was 
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analysed considering that the temperature profile for the binary mixture of hydrogen and 
carbon dioxide was not provided by the literature [31].  
According to the loading profile on Figure 4.8, carbon dioxide was not adsorbing in the zeolite 
layer, which explains the earlier breakthrough of this component. Taking this into 
consideration, the values of the variables involved in the calculation of the 𝑞𝑒𝑞𝑖 of carbon 
dioxide were evaluated for the zeolite layer.   
  
Figure 4.8 – Breakthrough of the H2/CO2 mixture at 10 atm and a feed flow rate of 6.8 SLPM 
and respective loading profile for t = 1400 s 
According to the output provided by gPROMS® in the end of each simulation, the loading of 
CO2 in the zeolite is zero due to the calculation of the parameter 𝑏𝐶𝑂2,2. A value of zero was 
being calculated for the parameter 𝑏𝐶𝑂2,2  for the zeolite layer, resulting in a loading equal to 
zero in this layer. With the aim of understanding the reasons for the zero value associated 
with this parameter, the calculations related with 𝑏𝐶𝑂2,2 were analysed.  
The fact that carbon dioxide was adsorbing only in the activated carbon layer lead us to 
consider that the issues of the zeolite layer could be related to the parameters used for the 
CO2 in this layer. With the purpose of confirming it, and after some analysis of the parameters 
from similar isotherms, it was noticed that the order of magnitude of 𝑘3 for the CO2 in the 
zeolite layer wasn’t in agreement with the observations made in the literature. It was decide 
therefore to use 𝑘3 = 1.578(
1
atm 
) for the next simulation, rather than 𝑘3 =  1.578 ×
10−4 (
1
𝑎𝑡𝑚 
) in order to observe the impact of this change in the breakthrough time of 
hydrogen. This value was obtained from a work from the same author of the considered 
literature [38].  
The results presented on Figure 4.9 showed that the breakthrough time is now much closer to 
the experimental data. However, a higher deviation of the simulation results for the H2/CO2 
mixture is observed when compared with the other mixtures used in the previous simulations.  
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Despite this difference between experimental and simulation data, for the following 
simulations of the present work, it will be considered that 𝑘3,CO2 = 1.578(
1
atm 
) for the zeolite 
layer.  
 
Figure 4.9 – Comparison of the results between the simulation with gPROMS and experimental 
data for the breakthrough of the H2/CO2 mixture at 10 atm and 6.8 SLPM 
The simulations with the binary mixtures showed that good predictions are obtained with the 
gPROMS® breakthrough model for the feed pressures of 4  and 10 atm. However, when the 
pressure is increased to 16 atm a considerable deviation between the simulation and 
experimental results takes place. This deviation is also prominent for the binary mixture of 
hydrogen and carbon dioxide.  
In respect to the shape of the breakthrough curve it can be observed that for the 
experimental results a slightly steepest curve is observed when compared with the results 
obtained with gPROMS®, although the approximation of the molar fraction to the feed molar 
fraction takes much longer than in the simulation results.  
4.2.2.2 Five component breakthrough simulation  
A five components mixture was used as feed in order to investigate the influence of the 
activated carbon ratio of the adsorption bed in the breakthrough curve for each component. 
In the following simulations three different carbon ratios are employed in a process with a 
feed flow rate of 8.6 SLPM and a feed pressure of 10 atm. The same assumptions considered 
for the binary mixtures are made for the five component simulations, as well as the 
temperatures. 
 In the first simulation the column is considered to have the same length of each adsorbent. 
The molar fractions of each component in the feed mixture are provided in the literature and 
can be seen in Appendix 3 (see section 3.3) 
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For an equal length layer of activated carbon and zeolite the first component leaving the 
adsorption bed is nitrogen, followed by methane and carbon monoxide. Carbon Dioxide is the 
last component to break through the column, as can be observed in the Figure 4.10.  
A logarithmic scale is employed for the time axis considering that the same was done in the 
work being used for the present validation.  The results from this simulation are in agreement 
with the experimental data and the comparison is presented in Appendix 3 (see section 3.3).   
 
Figure 4.10 – Breakthrough curve for a 0.5 activated carbon ratio with the time axis in 
logarithmic scale 
The effect of increasing and decreasing the ratio of the activated carbon layer (cr) in the 
column can be seen through the results obtained from the following simulations. A 
comparison between activated carbon ratios of 0.32 with 0.65 is made and presented in the 
following Figure 4.11.  
As previously mentioned in chapter two of this work, the activated carbon layer is responsible 
for the removal of the methane and the carbon dioxide from the product stream, while the 
zeolite layer removes mainly the nitrogen and carbon monoxide. From Figure 4.11 can be 
observed that, when decreasing the length of the activated carbon layer the breakthrough of 
methane occurs earlier when compared to the bed having a higher length of activated carbon. 
The opposite situation takes place when increasing the layer of activated carbon.  
Figure 4.11 shows that the breakthrough of carbon dioxide is visibly affected by the 
proportions of adsorbent employed. However, when the fraction of zeolite employed is 
higher, this component takes longer to break through when compared with the situation 
where activated carbon is the adsorbent with a higher fraction. Although zeolite adsorbs 
carbon dioxide this is not practical because carbon dioxide adsorbs very strongly in this 
adsorbent leading to the need of extremely low pressures when it comes to the desorption 
step.  
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Figure 4.11 – gPROMS® results: on the left breakthrough for a 0.32cr and on the right 
breakthrough for 0.65 cr 
Relatively to the nitrogen and carbon monoxide, the time required for these two components 
to breakthrough of the adsorption bed is considerably higher when the length of the zeolite 
layer is increased. However, the impact is not as visible as it is for the components adsorbing 
in the activated carbon layer. This can be explained due to the molar fraction of the 
components being removed in the zeolite layer being smaller than the molar fraction of the 
components adsorbing in the activated carbon. 
A comparison between the experimental and simulation breakthrough curves for the five 
component mixture is made and presented in the Appendix 3 (see section 3.3). In this 
comparison is shown that gPROMS® model can be used for the prediction of the breakthrough 
time in the conditions of the considered simulations.  
4.2.3 Validation of the Langmuir-Freundlich multilayer isotherm with different data  
The Langmuir-Freundlich isotherm modelled previously is now going to be employed in a 
process that originally used a different isotherm model. The present literature was 
considered taking into consideration that the feed and operating conditions were similar with 
the ones employed in the validation section of the Langmuir-Freundlich isotherm. A column 
with the same dimensions is used in the process; however, the molar fractions of the 
components present in the feed mixture are different from the simulations performed above. 
The feed flow rate and pressures are contained in the range of pressures where the gPROMS® 
simulations results provided good predictions of the breakthrough time.   
The following simulations are performed with the purpose of having an insight on the 
capabilities of the new model in predicting the breakthrough for different situations besides 
the ones employed for its validation. Four different simulations are being executed for the 
analysis of the breakthrough of a five component mixture, first with one layer of activated 
carbon, then with a column filled with zeolite and the last simulation considers a column with 
two layers of adsorbent, activated carbon layer followed by a zeolite layer.  
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For these simulations a temperature of 298 K was assumed for the feed and for the initial 
temperature of the column, considering that, in the literature a range of temperature of 293-
298 K was stated [38]. A total of 80 discretization points were employed in the following 
simulations.  
The properties of the adsorbents employed in the literature considered for the following 
simulation have the same properties as the ones employed in the simulations from the 
previous section, as well as the properties of the adsorption bed.  
The first simulation performed consisted in a process operating an adsorption bed with only 
one layer of adsorbent employed, allowing confirming the functionality of the model for 
processes with one layer of adsorbent. The breakthrough curve presented below was obtained 
from a process where the column is filled with one layer of activated carbon.  
 
Figure 4.12 – gPROMS simulation a bed containing activated carbon at 6.5 bar and feed flow 
rate of 5 SLPM 
The comparison of gPROMS® simulation with the experimental data from the considered 
literature shows that the model in use can predict the breakthrough time for the conditions 
employed in the simulation in Figure 4.12,  although with some deviation between the 
profiles, mainly due to the earlier breakthrough of nitrogen in the gPROMS® simulation. 
However, a good prediction for the breakthrough of carbon dioxide and carbon monoxide is 
obtained (see Appendix 3, section 3.4).  
Afterwards, the same mixture was used as feed for a process with two adsorbent layers, 
activated carbon and zeolite, with a cr of 0.7. The effect of pressure was studied in the 
following simulations and the results compared with the experimental data provided in the 
considered literature [38].  
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Figure 4.13 - Breakthrough of a 5 component mixture with a 0.7 layer of activated carbon and 
0.3 layer of zeolite: on the left, feed pressure of 6.5 bar and on the right feed a feed 
pressure of 8 bar 
When increasing the feed pressure a higher capacity of the adsorption bed is observed when 
compared with lower feed pressures, resulting in a latter breakthrough of the components of 
the feed mixture. The comparison between the feed pressures of 6.5 and 8.0 bar show a 
difference of 200 seconds in the breakthrough of nitrogen, for example. A deviation to the 
right in the breakthrough profiles can be observed and also the fact that a large width in the 
curves is verified for higher pressures.   
The analysis of the breakthrough for a feed pressure of 6.5 bar in Figure 4.13 provides a 
contrast with Figure 4.12, showing the impact of the addition of a layer of zeolite in the 
adsorption bed. By including this layer in the adsorption bed a latter breakthrough of nitrogen 
and carbon monoxide can be observed when comparing with a bed employing only one layer 
of activated carbon. This situation takes place due to the visible increase in the bed capacity 
of adsorbing nitrogen and carbon monoxide.   
The comparison of the experimental and simulation breakthrough curves for a feed pressure 
of 6.5 bar shows that the prediction obtained with gPROMS® model is good but, the 
breakthrough of carbon dioxide takes place considerably earlier when compared with the 
experimental results (see Appendix 3, section 3.4). The prediction of the breakthrough for 
methane can be considered good; however, due to the small molar fraction of this component 
in the feed mixture the breakthrough profile concerning this component is not visible in the 
mentioned graphical representation.   
4.3 Multisite Langmuir isotherm  
A Multisite Langmuir isotherm for multilayer processes was intended to be introduced to 
gPROMS® libraries. A Multisite Langmuir isotherm, employed in a PSA process for the 
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purification of hydrogen, from a five component mixture in a column with two layers of 
adsorbent was chosen. A layer of activated carbon followed by a layer of zeolite is used for a 
process consisting in 9 steps with 1 or 4 beds. The considered literature studied the 
employment of two different mathematical models, a complete and a reduced one, and the 
impact of these in the results of the simulations. Loading, concentration and temperature 
profiles in the cyclic steady state and for some steps of the PSA process are shown in the 
mentioned work [39].     
The mathematical model employed in the considered literature assumed that gas phase 
behaviour was described by the ideal gas law, no gradients in the radial direction, axial 
dispersed plug flow, macropore and micropore mass transfer resistances described by the LDF 
model, no temperature gradients inside each particle, the column wall interchanges energy 
with the gas phase inside the column and with the external environment, constant porosity 
along the bed and that the Ergun equation is valid locally.  
4.3.1 Multisite Langmuir isotherm modeling  
The multisite Langmuir isotherm, described by equation (4.4) will then be introduced in 
gPROMS® library, replacing the Langmuir isotherm mentioned in chapter 3 (Equation (3.13)) 
with the aim of being used in PSA processes involving a multilayer adsorption bed.  
 
(
𝑞𝑖
𝑞𝑖,𝑚𝑎𝑥
) = 𝑎𝑖𝐾𝑖𝑝𝑖 [1 −∑(
𝑞𝑖
𝑞𝑖,𝑚𝑎𝑥
)
𝑖
]
𝑎𝑖
 (4.4) 
where 𝐾𝑖 = 𝐾∞ exp (−
∆𝐻
𝑅𝑇
). 
This equation was introduced and calculated in the same two FOR DO cycles mentioned in the 
multilayer and Langmuir-Freundlich models. Heat of adsorption is, once again, assumed to be 
a parameter for the present isotherm model and, the model was written with the same 
assumptions used in the other isotherm model. As it was done for the Langmuir-Freundlich 
model, the parameters of the isotherm were assumed to have a distribution in the 
components and in the axial direction due to the variation of these parameters with the 
temperature in the adsorption bed. The variables used to obtain these parameters were 
considered as arrays of the components and number of layers.  
During the modelling period an error occurred due to the negative values being assumed by 
the term raised to the parameter 𝑛𝑖, preventing gPROMS® from running the simulation with 
the present isotherm. In order to avoid this situation, the absolute value of the said term was 
used instead, with the purpose of resolving this numerical problem.  
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4.3.2 Multisite Langmuir simulations  
Taking into account the data provided by the paper chosen, some calculations needed to be 
done in order to have the parameters required by gPROMS®. For the present simulations it 
was assumed that the adsorbent particles were spherical, implying that Ω𝑐 = 15 for the 
calculation of the LDF factor, being this factor constant through the entire adsorption bed. 
The diffusivity was assumed to vary inversely with the pressure. Since gPROMS® requires the 
bed density instead of the particle density, those values were obtained through equation 
(4.5). The values obtained for the LDF parameter are presented in Appendix 4, Table 5.9.  
 
𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒(
𝑘𝑔𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
3 ) =
𝜌𝑏𝑒𝑑
(1 − 𝜀𝑏𝑒𝑑)
 (4.5) 
A total of 180 points of discretization (90 points per layer) were used in the simulations 
concerning the Multisite Langmuir isotherm. Although the breakthrough time was not 
provided by the mentioned work, it was agreed to simulate the breakthrough for the 
considered process, since the mass balance of the column as well as the loading profiles could 
be observed and analysed, considering that the mentioned models provide important 
information on the process.   
The breakthrough model employed in the simulations performed in the previous section of 
this work is going to be used in the following simulations but with the Multisite Langmuir 
isotherm instead of the Langmuir-Freundlich isotherm. 
 
Figure 4.14 – Breakthrough curve obtained with gPROMS® model employing the Multisite 
Langmuir isotherm  
The analysis of the breakthrough curve displayed in Figure 4.14 shows that nitrogen is the 
first component to break through of the adsorption column, followed by methane, carbon 
monoxide and then, carbon dioxide. The data from the present breakthrough curve is going to 
be employed later in this work, with the purpose of estimating the isotherm parameters.  
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Two simulations are being performed with the purpose of comparing the temperature profile 
through the entire column and the loading profile of methane, both at the end of the feed 
step. The following simulations are going to be carried until 𝑡 = 40 s which corresponds to the 
end of the feed step. 
 
Figure 4.15 – On the left: temperature profile of the column and on the right the loading 
profile of methane both at the end of the feed step 
Despite the fact that a match was obtained for the comparison between the results gotten 
with gPROMS® and the data provided for the temperature profile, the same can’t be said 
when referring to the loading profile. As we can observe from Figure 4.15, a considerably 
deviation exists, mainly at the feed end of the column.  
In order to have some insight on what was happening inside the adsorption bed, the loading 
profile throughout the column for different times was analysed and can be seen in Appendix 5 
(section 4.2). 
The analysis of the loading profile for 𝑡 = 40 s  (Appendix 4, Figure 5.10) shows that the 
loading fronts have reached already the first 10 % of the adsorption bed. The experimental 
results (Figure 4.15) showed that at the feed end of the column the amount adsorbed of 
methane is lower when compared with the amount adsorbed a little further ahead in the 
adsorption bed. Further ahead in the adsorption bed the amount adsorbed of methane is 
higher, due to the absence of competition with the carbon dioxide.  
With the aim of verifying if the competition between carbon dioxide and methane took place 
latter, the loading profile for 𝑡 = 100 𝑠 was investigated (see Appendix 4, Figure 5.11). The 
competition between carbon dioxide and methane is still not visible, however it is possible to 
see that competition between carbon dioxide and carbon monoxide takes place. The loading 
of the carbon monoxide is higher in the fraction of the adsorption bed where there is no 
carbon dioxide. This situation gets more prominent when the loading fronts arrive to the 
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zeolite layer and can be observed in the loading profile for 𝑡 = 1000 s (see Appendix 4, Figure 
5.12).  
Given that the shape of the adsorbent particles was not provided by the literature, affecting 
the LDF coefficient due to Ω parameter, it was agreed to perform simulations considering 
different shapes for the adsorbent particles and, therefore, different LDF coefficients.  
Taking into consideration the information provided in other literature from the same authors 
and with the aim of correcting the deviation observed between the simulation and 
experimental results, it was agreed to perform a different simulation assuming that the 
particles of activated carbon were slab micropores (Ω𝑐 = 3) and the zeolite particles were 
cylinders (Ω𝑐 = 8) [40].  
  
Figure 4.16 – Comparison of the loading profiles with different adsorbent geometries 
The loading profiles obtained for particles with a spherical shape show that changing the LDF 
factor, Ω, does not provide a better resemblance with the literature data. Decreasing the LDF 
factor decreases the LDF coefficient, causing a higher mass transfer resistance. This results in 
a lower loading for methane, as can be observed in Figure 4.16.  
Taking this into consideration, it was agreed to assume that both particles had a LDF factor 
equal to 8 and perform a new simulation. Results in Figure 4.16 show that the loading of 
methane at the feed end of the column still is higher than what is obtained in the 
literature [39].  
Considering that the packages regarding the properties of the components provided by 
gPROMS® are made with the purpose of being applied in simulations of a wide range of 
industrial processes, like it was mentioned in chapter three of the present work, some of the 
deviations verified between simulation and literature data might be related with the 
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mentioned properties. For this reason, this model is being considered valid and is going to be 
used further ahead in this work, assuming that the LDF factor, Ω𝑐, is equal 15 for both 
adsorbents.  
4.4 Parameter estimation  
A detailed gPROMS® process model is constructed from equations describing the physical and 
chemical phenomena that take place in the system. These equations usually involve 
parameters that can be adjusted to make the model predictions match observed reality.  
gPROMS® contains parameter estimation capabilities that are going to be employed in the 
present work with the purpose of evaluating the capacities of this tool.  With this tool, 
multiple parameters occurring in dynamic or steady-state models may be estimated. 
Parameter estimation in gPROMS® is based on the Maximum Likelihood formulation. In 
addition to the model parameters, there is also the option to additionally estimate the 
variance of the measuring accuracy. This accuracy can be parameterised by a constant 
variance model, a constant relative variance model or heteroscedastic variance model, which 
combines the constant variance and the constant relative variance model.   
Usually, the experimental data available in a PSA process is the breakthrough curve. This data 
can be introduced in gPROMS® with the purpose of estimating parameters as LDF coefficients, 
diffusivities, isotherm parameters, or any other parameter pretended by the user. It is 
important to take into consideration that, in order to obtain good estimations the model 
being used has to be working properly and ideally, should be robust. Also, the relation 
between the control variables and the parameter being estimated is extremely important. 
The control variables must be very sensitive to a change in the considered parameter. If a 
small change in the value of the parameter has no impact in the control variable, then the 
control variable is not suitable for the desired parameter estimation.  
The parameter estimation tool minimizes the residuals between the prediction and the 
measured data used for the estimation. All the errors associated with the gPROMS® models 
employed for the prediction and, all the errors related with the measured data are all 
introduced into the parameter estimation.  
The simulations being performed in this section take a considerable amount of time until an 
optimal result is provided. However, the possibility of fitting some parameters of a process in 
order to obtain a model that offers a good prediction of the phenomena taking place in real 
processes assumes an important role in simulation procedures.  
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4.4.1 Parameter estimation of the LDF coefficients for the process using Langmuir-
Freundlich isotherm  
The following parameter estimation is being performed for the breakthrough process 
employing the Langmuir-Freundlich multilayer isotherm, with the aim of estimating the LDF 
coefficients for each component in each layer of adsorbent, considering the influence of this 
parameter in the breakthrough curve.  
An initial guess is also required for all the parameters being estimated, as well as, upper and 
lower bounds for each parameter. These values are given in the following Table 4.4. The 
values used as initial guess for the LDF coefficients are similar to the ones provided in the 
literature, once that the closer the initial guesses are to the values, the faster is the 
parameter estimation procedure.  
Table 4.4 – Initial values for the LDF coefficients  
LDF coefficients, 𝜔   
Components Activated carbon Zeolite Lower bound Upper bound 
Hydrogen 0.65 0.65 0 1 
Methane 0.15 0.13 0 1 
Carbon Dioxide 0.03 0.011 0 1 
Carbon Monoxide 0.12 0.05 0 1 
Nitrogen 0.2 0.1 0 1 
The data being used as measured data for the parameter estimation consists in the 
breakthrough data obtained from the validations made with the Langmuir-Freundlich for the 
five component mixture and, with a column with two layers, one of activated carbon and the 
other of zeolite, both with equal lengths (section 4.2.2.2 of this work). 
With the aim of turning this process in a more realistic situation, the mentioned data is going 
to be subject to some treatment through the addition of noise. For this matter, Microsoft 
Excel was used and the noise was obtained resorting to the NormInv function. The noise 
obtained with the excel function was then added to the molar fraction values from the 
breakthrough simulations obtained in section 4.2 of this work. Different sets of data were 
used in order to verify which one produced the finest estimation. With the intention of 
obtaining the best results possible, the data used as measured data included the 
breakthrough of all the components existing in the mixture, in order to provide gPROMS® with 
data describing the behaviour of all the components. 
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Although a considerably high number of points is being provided to gPROMS® it was 
considered that with such amount of data a better estimation could be obtained, despite the 
fact that the simulation time would increase significantly.  
4.4.1.1 Parameter Estimation with a variance of 0.05 
The first set of data was obtained considering a random probability, a mean equal to zero and 
standard deviation of 0.05.  When introducing the experimental data for the parameter 
estimation, gPROMS® requires a value for the variance. For the following simulation a 
constant variance of 0.05 was considered.  
Considering that carbon dioxide is the last component to breakthrough (breakthrough time 
≅ 4500) the measured data for the present parameter estimation is considered till 𝑡 = 5500 𝑠 
with the purpose of having the breakthrough of all components present in the mixture.   
Figure 4.17 below shows the experimental data introduced in gPROMS® and the major 
iterations performed by this tool for the hydrogen, in order to obtain the estimated 
parameters present in Appendix 5 (Table 5.12).  Although it is possible to obtain a graphical 
representation of all iterations performed by gPROMS®, it was agreed to obtain only the main 
results considering that, with this option, the amount of time required to perform each 
parameter estimation is reduced when compared with the estimation which provides all the 
iterations.  For this situation, two major iterations were required by gPROMS® to obtain the 
desired parameters.  
 
Figure 4.17 – Experimental data and major iterations performed by gPROMS® for the 
parameter estimation  
The analysis of these results shows that the final values obtained through the parameter 
estimation tool are close to the original values present in the respective literature [31]. 
However, when the analysis is made concerning the confidence intervals, it can be seen that 
the range of the confidence intervals associated with some of the estimated parameters is 
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considerably large. For example, for hydrogen, in both adsorbents, the estimated values are 
obtained with the highest level of uncertainty when compared with the other components.  
Relatively to the parameters estimated for the activated carbon layer, the final value 
obtained for carbon dioxide is the one associated with a smaller uncertainty. All the 
parameters estimated for the remaining components in the activated carbon layer have a high 
level of uncertainty. However, the estimated parameters for the zeolite layer exhibit a higher 
level of certainty when compared with the values from the activated carbon layer.  
With the aim of obtaining parameters with a higher level of certainty the final values 
obtained in the previous simulation were used as an initial guess for a new simulation with 
the same constant variance. Only a major iteration was required to obtain the new 
estimations. The results obtained were equal to the ones in the first estimation. The fact that 
the values obtained were the same as the initial values provided to gPROMS® means that 
these LDF coefficients are the optimal values that could be obtained by gPROMS® considering 
the initial guesses provided.  
A breakthrough simulation was performed employing the LDF coefficients obtained through 
the parameter estimation with the aim of comparing the curves with the experimental ones. 
The analysis of Figure 4.18 shows that the breakthrough curves obtained in this simulation are 
in accordance with the ones obtained with the LDF coefficients suggested in the literature 
and with the experimental curves [31].  
 
Figure 4.18 – Comparison of the experimental data with the simulation results employing the 
LDF coefficients obtained through the parameter estimation 
In the previous parameter estimations it was assumed that the lower and upper bond were 
the same for all the parameters .However, given that the experimental data seen through the 
literature review present in chapter 2 for mixtures with the same components as the ones 
being used, an idea of the magnitude of each parameter for each component can be made. 
Taking this into consideration, a new estimation is going to be performed with the same 
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conditions and initial guesses, however, with different lower and upper bounds for each 
component. The new lower and upper bounds employed for the following simulation are 
gathered in Appendix 5 (section 5.1.1).  
The parameters for these conditions were obtained after two major iterations and the results 
and respective confidence intervals are presented in Appendix 5 (Table 5.14). As can be seen 
in the analysis of these results, gPROMS® didn’t provide confidence intervals for methane in 
the activated carbon layer. This situation occurs when the parameter being estimated 
assumes the value of the upper or lower bound, preventing gPROMS® from being able to 
perform the iterations needed and, therefore, preventing it from providing the results.  
The comparison of the parameters estimated when considering a smaller interval where these 
values can change with the results obtained in the estimation with a higher interval of 
variation shows that the final values obtained differ more from the ones suggested in the 
literature [31]. However, better confidence intervals were obtained for hydrogen, carbon 
monoxide and nitrogen in both adsorbents, although the parameters for hydrogen are still 
estimated with a high level of uncertainty when compared with the remaining components.  
A problem associated with small intervals, between the lower and upper bounds, relies in the 
fact that several simulations are stopped due to the value being estimated “hitting” one of 
the bounds, like happened for methane in the present parameter estimation. For this reason, 
and also due to the fact that the values obtained with this method provided parameters 
considerably different from the ones in the literature, in the following simulations concerning 
the estimation of the LDF coefficients the lower and upper bounds equal to zero and one, 
respectively, are going to be assumed for all the components in both adsorbents.  
According to the component, the magnitude of the molar fraction used as measured data 
varies. For example, the molar fractions of hydrogen are always high considering that it is the 
component that is intended to be purified and the molar fractions of carbon dioxide are small 
due to its molar fraction in the feed mixture. For this reason, an attempt of using a relative 
constant variance model in the parameter estimation was made, taking into consideration 
that with this variance model errors are directly proportional to the magnitude of the 
measured value.  
The results for this simulation show that, while the initial iteration resembles with the 
measured data used as input for the parameter estimation procedure, the major iterations 
produced by this tool are quite different (see Appendix 5, Figure 5.13) which could explain 
the lack of sense in the final values obtained from this simulation (Appendix 5, Table 5.14). 
The analysis of the measured data provided for this estimation shows that the number of 
observations with lower molar fraction is higher than the number of observations with a high 
molar fraction. For this reason, the greater effort of gPROMS® is made for the lower molar 
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fraction values, which explains the difference between the curves associated with the major 
iterations and the measured data for the higher molar fraction values.      
4.4.1.2 Parameter Estimation with a variance of 0.01 
With the aim of verifying if better estimated parameters were obtained, it was agreed to 
decrease the standard deviation associated with the noise added to the breakthrough data. 
For the following simulations the breakthrough data was obtained, again, with the NormInv 
function from Microsoft Excel, considering now a mean of zero and a standard deviation of 
0.01. The first simulation is performed assuming a lower bound of zero and an upper bound 
equal to 1 for all components. A constant variance model of 0.01 was considered for the 
following parameter estimation.  
A total of 6 major iterations were required to estimate the LDF parameters for the considered 
situation, as can be observe in Figure 4.19, as well as the experimental data used for the 
considered simulation.  
The first effect of decreasing the variance and the standard deviation of the noise of the 
“experimental” values is the increase in the number of major iterations required to obtain 
the desired parameters. While for a constant variance of 0.05 two major iterations were 
required, for a constant variance of 0.01 a total of six major iterations was required.  
 
Figure 4.19 - Experimental data and major iterations performed by gPROMS® for the 
parameter estimation for a constant variance of 0.01 
The comparison of the results present in Appendix 5 (section 5.1.2, Table 5.15) with the 
results showed in Appendix 5 (section 5.1.1, Table 5.12) shows that the reduction in the value 
attributed to the variance provides estimated parameters with a higher level of certainty. For 
example, the analysis of the confidence intervals associated with the estimation of the LDF 
coefficient for hydrogen shows a higher level of certainty of the estimation when the variance 
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is 0.01. However, the estimation of the hydrogen LDF coefficients is the one with the higher 
level of uncertainty.  When comparing the estimated values per layer of adsorbent, the data 
obtained from the estimation shows that predictions with a higher level of certainty are 
obtained for the zeolite layer.  
The final values obtained are now going to be used as initial guess for a new simulation with 
the aim to investigate if the results are again the same as it happened with the simulation for 
a constant variance of 0.05 or if better estimations are being obtained.  
The use of the final values from the simulation present in Figure 4.19 as initial guesses for a 
new parameter estimation showed that the values obtained were not the optimal values, as 
happened for the constant variance of 0.05. gPROMS® performed 7 major iterations and the 
process was interrupted due to a numeric error. With the aim of avoiding this error the 
bounds of molar and mass fraction as well as the bounds of velocity were changed. The valves 
coefficients were also increased considering that gPROMS® provided information related with 
problems in maintaining the desired pressure inside the adsorption bed.  
Six major iterations were again required to obtained new values which lead us to conclude 
that the final results from the first simulation with a constant variance of 0.01 were not the 
optimal ones. 
The results obtained for the previously mentioned parameter estimation shows that gPROMS® 
provides estimations with high levels of uncertainty. The LDF coefficients of hydrogen are the 
ones with the higher level of uncertainty, which could be related with the fact that this is the 
less strongly adsorbed, and therefore, the effect of the LDF coefficient of this component in 
the control variable is weaker when compared with the other components. Due to this reason, 
it is harder to gPROMS® to provide a better estimation. 
From all the estimations above the parameter estimated with a higher level of certainty was 
the LDF coefficient for carbon dioxide in the zeolite when considering a constant variance of 
0.01. This component is the one which adsorbs more strongly in the considered adsorbent 
which could explain the fact of this being the better estimation obtained, due to the fact that 
a slightly change in the parameter being estimated affects strongly the control variable.  
4.4.2 Multisite Langmuir parameters estimation  
With the aim of having more information about the model developed for the Multisite 
Langmuir isotherm, the model employing this isotherm is going to be used for parameter 
estimation. For this purpose, breakthrough data obtained in previous simulations presented in 
this work (see Figure 4.14) are going to be subjected to some treatment with Microsoft Excel, 
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as previously done for the estimation of the LDF coefficients. To obtain the noise to be 
introduced to the breakthrough curve a mean of zero, a standard deviation of 0.05 and a 
random probability were considered for NormInv function of Microsoft Excel. 
The following simulations are being performed in order to estimate the parameters for the 
Multisite Langmuir isotherm. A constant variance of 0.05 is being considered and the initial 
guesses for each parameter, component and adsorbent are presented in Appendix 5 (see 
Table 5.16). A total of 30 parameters are going to be estimated simultaneously.  
Some problems arise when trying to perform the present parameter estimation related with 
some discontinuities in the calculation procedures. The analysis of the gPROMS® output 
suggested that the problems in the parameter estimation were related with the valves so it 
was agreed to increase the valve coefficients from 105 to 106.  
A total of 38 major iterations were required in order to obtain the desired parameters and 
they are showed in Figure 4.20. As we can see, the number of major iterations required to 
obtain the estimation for each parameter increased when compared with the number of 
major iterations required to obtain estimation for the LDF coefficients. However, when the 
parameters being estimated were the LDF coefficients only 10 parameters were being 
estimated simultaneously. Through the major iterations shown in Figure 4.20 it is possible to 
observe the path transverse by gPROMS® in order to find the estimations for the considered 
parameters. It is visible that the iteration curve tends to be more dispersive as the number of 
iterations increases.  
 
Figure 4.20 – Major iterations for the Multisite Langmuir isotherm parameter estimation for a 
constant variance of 0.05 
The final values obtained for the Multisite Langmuir isotherm parameters are gathered in 
Appendix 5  (see Table 5.17 and Table 5.18).  The analysis of these results shows that the 
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estimated parameters are obtained with an extremely high level of uncertainty despite the 
fact that the final values attained are quite close to the values suggested in the literature 
[39]. When comparing the estimated parameters in the activated carbon layer with the 
estimated parameters obtained for the zeolite layer, it is possible to verify that, although in 
both situations the parameters are estimated with very high levels of uncertainty, the 
parameters obtained for the zeolite layer have a lower level of certainty, as was observed 
when estimating the LDF coefficients in the previous section of this work.   
The high level of uncertainty obtained when estimating the isotherm parameters can be 
related with the fact that a slightly change in one of the parameters has a considerable 
impact in the control variable, and, therefore in the prediction of the breakthrough. Several 
combinations of values for the parameters for each component can be made and provide a 
good prediction of the measured data, resulting in a high level of uncertainty in the 
estimated parameters.  
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5 Conclusions  
5.1 Accomplished goals 
A breakthrough model, using the multilayer Langmuir-Freundlich isotherm, was validated in 
the course of the present work, providing good predictions for the breakthrough time. 
However, for higher pressures the deviation between the simulation and experimental data 
increases, leading to the consideration that 𝑞𝑒𝑞 might be over-estimated.  
Although the shape of the curves obtained through gPROMS® simulation have some deviation 
compared to the experimental data, it was assumed that the validation of the considered 
model was accomplished.  
Considering that the physical properties present in Multiflash are provided with the purpose 
of being employed in a wide range of industrial processes can affect the prediction of the 
breakthrough profiles. This fact could explain the differences between experimental and 
simulation results, when binary mixtures were employed as feed.  
The employment of the multilayer Langmuir-Freundlich isotherm in other situations present in 
the literature showed that good predictions are obtained when only one layer of activated 
carbon is used. Satisfactory predictions are obtained for a process with two layers of 
adsorbent, activated carbon and zeolite, for a feed pressure of 6.5 bar. However, a 
considerable deviation between experimental and simulation results takes place when the 
feed pressure is increased to 8 bar.  
A Multisite Langmuir isotherm was successfully added to the gML libraries and a validation of 
the temperature profile through the entire bed was accomplished. The comparison between 
the literature and simulation loading profiles for methane showed that an over prediction of 
𝑞𝑒𝑞 also takes place when using this isotherm model.   
The Parameter Estimation tool present in gPROMS® was employed with the purpose of 
estimating the LDF coefficients in the process concerning the validation of the Langmuir-
Freundlich isotherm and the isotherm parameters of the Multisite Langmuir model.  
Two different variance models were applied in these estimations: constant variance and 
relative constant variance. However, results showed that for the process being considered the 
use of the relative constant variance model did not provide good approximations between the 
measured and predicted values.  
In the simulations using the constant variance, variances of 0.05 and 0.01 were applied. The 
results provided by gPROMS® show that, in the situations considered for the parameter 
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estimation, final values with a higher level of certainty were obtained for a constant variance 
of 0.01 and equal lower and upper bounds for all the components in both adsorbents.  
When the parameters being estimated were the isotherm parameters, a higher number of 
iterations were required to obtain the wanted estimation and a higher level of uncertainty 
took place. This results can be explained by the high number of parameters being estimated, 
the complexity of the breakthrough model and the fact that, a slightly change in one of the 
parameters has a huge impact in the control variable and, therefore, in the breakthrough 
curve.  
The values obtained in the parameter estimation simulation are strongly affected by the 
model and the measured data being given to gPROMS®. Results with a high level of 
uncertainty can indicate that the model being used for simulating the process is not robust, 
that great errors are associated with the measured data or, that the amount of measured 
data given to gPROMS® is not enough to provide the desired estimations.  
gPROMS® is not able yet to produce estimations with a high level of certainty, however this 
tool is in a development and improvement stage.  
5.2 Limitations and future work  
Taking into consideration that the adsorption is different from adsorbent to adsorbent, and 
from component to component, the possibility of using different isotherms for different 
adsorbents could become useful.  
When it comes to the parameter estimation tool, making the simulation faster would be 
extremely important since it would be possible to perform several attempts of estimating the 
parameters, testing different bounds and initial guesses without spending a considerable 
amount of time in each simulation.  
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  Pressure Swing Adsorption Appendix 1
Milestones  
 
Table 5.1 – PSA Milestones, adapted from Pressure Swing Adsorption [10]  
1930 - 1933 First PSA patents issued to Finlayson and Sharp (U.K. 365,092) 
1953 - 1954 
Papers by H. Kahle outlining the principle of PSA (including heat storage) 
and giving details of a PSA process for removal of CO2, hydrocarbons and 
water vapor from air. 
1955 - 1956 Synthetic zeolites produced commercially 
1957 - 1958 
French patent 1,223,261, P. Guerin de Montgareuil and D. Domine (Air 
Liquide): the “vacuum swing” PSA cycle is described. 
U.S. Patent 2,944,627, C. W. Skarstrom (Esso Research and Engineering): 
the low-pressure purge is introduced, and the importance of containing 
the thermal wave in the bed is emphasized. 
1960 - 1965 
Development and commercialization of the “Heatless Drier” for small-
scale air drying and early versions of the “Isosiv” process for separation 
of linear hydrocarbons. 
1965 - 1970 Development and commercialization of PSA for hydrogen purification 
1970 – 1972 First large-scale PSA processes for O2 production 
1972 – 1973 O2 selective carbon sieves produced commercially 
1976 PSA nitrogen production process using CMS adsorbent 
1976 – 1980 Small-scale medical oxygen units 
1982 Large-scale vacuum swing processes for air separation 
(Adapted from Ruthven PSA) 
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 gPROMS® Adsorption Models  Appendix 2
2.1 List of models and specifications  
Table 5.2 – List of models present in the adsorption libraries of gPROMS® 
List of models 
Adsorption bed  
Source  
Sink  
Valve 
Header/storage tank  
Schedule model  
Recovery reporting model  
Mass balance reporting model  
Stream analyser  
PID controller  
 
Table 5.3 – Specifications made through the dialog box  
Design 
Fluid (mass 
transfer) 
Fluid (heat 
transfer) 
Wall Isotherm Dynamics Numerics 
Number of 
layers 
Mass 
transfer 
coefficient 
correlation 
Thermal 
operation 
mode 
Metal density Isotherm 
model 
Composition 
basis 
Flow mode 
Layers length Metal heat 
capacity 
Reference 
temperature 
Feed and 
product inert 
section 
pressure 
Number of 
discretizati
on points 
Bed 
diameter 
Mass 
transfer 
basis 
Wall 
thickness 
Bed void Heat 
transfer 
coefficient 
bed-wall 
Bed density Ambient 
temperature 
Isotherm 
parameter 
Particle void Dispersion 
coefficient 
Particle 
diameter 
Wall specific 
heat 
capacity 
Mass fraction 
Particle 
thermal 
conductivity 
Mass 
transfer 
coefficient 
Initial 
temperature 
Particle heat 
capacity 
Thermal 
conductivity 
of the 
material 
Product and 
feed inert 
section 
volume 
Diffusivities 
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Figure 5.1 – Adsorption bed dialog box  
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 Langmuir-Freundlich Isotherm  Appendix 3
3.1 Langmuir-Freundlich isotherm modelling  
 
Figure 5.2 –Multilayer Langmuir-Freundlich isotherm dialog box  
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Table 5.4 – Langmuir-Freundlich isotherm parameters  
Component 𝑘1 
(mol ∙ kg−1) 
𝑘2 × 10
2 
(mol ∙ kg−1 ∙ K−1) 
𝑘3 × 10
4 
(atm−1) 
𝑘4 
(K) 
𝑘5 
(−) 
𝑘6 
(𝐾) 
Activated Carbon 
H2 16.943 -2.100 0.625 1229 0.980 43.03 
CH4 23.860 -5.621 34.780 1159 1.618 -248.9 
CO 33.850 -9.072 2.311 1751 3.053 -654.4 
N2 1.644 -0.073 545.0 326 0.908 0.991 
CO2 28.797 -7.000 100.0 1030 0.999 -37.04 
Zeolite 
H2 1.314 -1.060 25.15 458 0.986 43.03 
CH4 5.833 -1.192 6.507 1731 0.820 53.15 
CO 11.845 -3.130 202.0 763 3.823 -931.3 
N2 4.813 -0.668 5.695 1531 0.842 -7.467 
CO2 10.030 -1.858 1.578 207 -5.648 2098.0 
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3.2 Adsorbents and bed properties   
Table 5.5 – LDF coefficients and heat of adsorption for the Langmuir-Freundlich isotherm 
validation  
Components 
LDF factor 
𝜔𝑖, (𝑠
−1) 
Heat of 
Adsorption 
∆𝐻𝑖(J/mol) 
Activated Carbon 
H2 0.700 2880 
CH4 0.195 4290 
CO 0.150 4300 
N2 0.261 1660 
CO2 0.036 5240 
Zeolite 
H2 0.700 2800 
CH4 0.147 5400 
CO 0.063 5300 
N2 0.099 5470 
CO2 0.014 9330 
 
Table 5.6 – Adsorbent properties employed in the Langmuir-Freundlich isotherm validation 
Adsorbent 
Activated 
carbon 
Zeolite 
Average pellet size, Rp (m) 1.15 × 10−3 1.57 × 10−3 
Pellet density (kg/m3) 850 1160 
Heat capacity (
𝐽
𝑘𝑔∙𝐾
) 1045 919.6 
Particle porosity 0.61 0.65 
Bed density (kg/m3) 482 746 
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Table 5.7 – Adsorption bed properties for the validation of the Langmuir-Freundlich isotherm  
Adsorption Bed 
Length (m) 1 
Inside diameter (m) 3.71 × 10−2 
Wall tickness (m) 2.67 × 10−3 
Heat capacity of the column 
(
𝐽
𝑘𝑔∙𝐾
) 
491 
Density of the column (kg/m3) 7830 
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3.3 Five component mixtures breakthrough simulations  
Table 5.8 – Molar fractions and feed conditions for the five component mixture 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 – Simulation and experimental breakthrough data comparison for a five mixture at 
a feed pressure of 10 atm and a feed flow rate of 8.6 SLPM for a 0.5 cr 
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Figure 5.4 - Simulation and experimental breakthrough data comparison for a five mixture at 
a feed pressure of 10 atm and a feed flow rate of 8.6 SLPM for a 0.32 cr 
 
 
 
Figure 5.5 - Simulation and experimental breakthrough data comparison for a five mixture at 
a feed pressure of 10 atm and a feed flow rate of 8.6 SLPM for a 0.65 cr 
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3.4 Validation of the Langmuir-Freundlich multilayer isotherm with 
different data  
 
Figure 5.6 – Simulation and experimental breakthrough curves for a column filled with 
activated carbon at 6.5 bar and 5.0 SLPM 
 
 
Figure 5.7 - Simulation and experimental breakthrough curves for a column with two layers of 
adsorbent at a feed pressure of 6.5 bar and feed flow rate of 5 SLPM 
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Figure 5.8 - Simulation and experimental breakthrough curves for a column with two layers of 
adsorbent at a feed pressure of 8 bar and 5 LSPM  
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 Multisite Langmuir Isotherm  Appendix 4
4.1 Multisite Langmuir isotherm modelling  
 
Figure 5.9 – Multisite Langmuir dialog box  
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Table 5.9 – Conversion of the provided parameters to the LDF coefficient 
 Activated carbon Zeolite 
Components 
𝐷𝑐
𝑟𝑐
2
(𝑠−1) 
gPROMS 
𝜔𝑖(𝑠
−1) 
𝐷𝑐
𝑟𝑐
2 (𝑠
−1) 
gPROMS 
𝜔𝑖(𝑠
−1) 
H2 8.89 × 10
−2 1.3335 9.23 × 10−2 1.3845 
CH4 3.96 × 10
−3 5.94 × 10−2 1.04 × 10−2 0.156 
CO2 1.24 × 10
−2 0.186 1.87 × 10−4 0.002805 
CO 2.11 × 10−2 0.3165 4.22 × 10−3 0.0633 
N2 2.29 × 10
−2 0.3435 2.13 × 10−2 0.3195 
 
Table 5.10 – Multisite Langmuir isotherm parameters 
Components 
qmax 
(mol ∙ kg−1) 
ai (-) 𝐾∞ × 10
11( Pa−1) (−∆H)(kJ.mol−1) 
Activated Carbon 
CO2 7.8550 3.0 2.125 29.084 
H2 23.565 1.0 7.233 12.843 
CH4 6.7329 3.5 7.904 22.701 
CO 9.0634 2.6 2.680 22.577 
N2 5.8913 4.0 23.46 16.263 
Zeolite 
CO2 4.525 2.2 11.11 35.965 
H2 9.954 1.0 50.76 9.2309 
CH4 4.976 2.0 35.65 20.643 
CO 3.828 2.6 3.937 29.773 
N2 4.148 2.4 30.83 20.413 
 
  
Pressure Swing Adsorption for Hydrogen Purification 
Multisite Langmuir Isotherm 65 
 
Table 5.11 - Properties of the adsorbent and feed conditions for the simulation performed 
using the Multisite Langmuir isotherm 
 Feed conditions 
Pressure (bar) 7 
Temperature (K) 303 
Flow rate (Nm3/h) 12.2 
Adsorbent properties 
 Activated carbon Zeolite  
Particle porosity 0.566 0.503 
Particle density (kg/m3) 842 1126 
Particle specific heat 
(J/kg·K) 
709 920 
Particle radius (m) 1.17 × 10−3 0.85 × 10−3 
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4.2 Loading Profiles  
 
Figure 5.10 – Loading profiles for t = 40 s 
 
Figure 5.11 – Loading profiles for t = 100 s 
 
Figure 5.12 – Loading profiles for t = 1000 s
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 Parameter estimation  Appendix 5
5.1 LDF coefficients estimation  
5.1.1 Variance of 0.05 
Table 5.12 – gPROMS® output for the parameter estimation performed considering a constant 
variance of 0.05  
 
Original 
ω 
Final 
value, 𝜔 
Confidence interval 
90% 95% 99% 
  Activated Carbon 
H2 0.700 0.665 477.4 568.9 748 
CH4 0.195 0.167 11.69 13.93 18.32 
CO2 0.035 0.027 0.5692 0.6783 0.8919 
CO 0.15 0.108 23.27 27.73 36.47 
N2 0.261 0.23 21.74 25.91 34.07 
  Zeolite 
H2 0.700 0.665 166.8 198.7 261.3 
CH4 0.147 0.185 0.5071 0.6043 0.7946 
CO2 0.0135 0.0599 0.2978 0.355 0.4667 
CO 0.063 0.045 0.08414 0.1003 0.1318 
N2 0.099 0.14 0.6762 0.8059 1.06 
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Table 5.13 – Upper and lower bounds for the 0.05 constant variance parameter estimation  
Components Lower bound Upper bound 
 Activated carbon 
H2 0.5 0.9 
CH4 0 0.4 
CO2 0 0.2 
CO 0 0.4 
N2 0.1 0.5 
 Zeolite 
H2 0.5 0.9 
CH4 0 0.4 
CO2 0 0.2 
CO 0 0.2 
N2 0.1 0.5 
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Table 5.14 - Estimated parameters for a constant variance of 0.05 and different upper and 
lower bonds for each component 
 
Original 
ω 
Final 
value, 𝜔 
Confidence interval 
90% 95% 99% 
  Activated Carbon 
H2 0.700 0.6 358 426.6 560.8 
CH4 0.195 0.3 - - - 
CO2 0.035 0.1 9.728 11.59 15.24 
CO 0.15 0.09 8.039 9.581 12.59 
N2 0.261 0.15 5.552 6.616 8.698 
  Zeolite 
H2 0.700 0.6 138.2 164.7 216.5 
CH4 0.147 0.15 0.153 0.1823 0.2396 
CO2 0.0135 0.1 0.7814 0.9313 1.224 
CO 0.063 0.1 0.25 0.2979 0.3917 
N2 0.099 0.15 0.515 0.6138 0.8068 
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Figure 5.13 – Measured data and major iterations for a relative constant variance of 0.05 
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5.1.2 Variance of 0.01 
Table 5.15 - gPROMS® parameter estimation output with the final values obtained for the LDF 
coefficient for a variance of 0.01 
 
Original 
ω 
Final 
value, 𝜔 
Confidence interval 
90% 95% 99% 
  Activated Carbon 
H2 0.700 0.5531 65.65 78.24 102.8 
CH4 0.195 0.1997 3.277 3.905 5.134 
CO2 0.035 0.0462 0.4462 0.5318 0.699 
CO 0.15 0.0713 1.149 1.37 1.8 
N2 0.261 0.1349 1.135 1.353 1.778 
  Zeolite 
H2 0.700 0.6930 39.95 47.61 62.58 
CH4 0.147 0.1524 0.08987 0.1071 0.1408 
CO2 0.0135 0.0141 0.00491 0.005852 0.00769 
CO 0.063 0.0685 0.03419 0.04074 0.05356 
N2 0.099 0.1134 0.1025 0.1222 0.1606 
 
 
  
Pressure Swing Adsorption for Hydrogen Purification 
Parameter Estimation 72 
5.2 Multisite Langmuir Parameter estimation 
Table 5.16 – Lower and Upper bounds for the Multisite Langmuir isotherm parameter 
estimation 
Component Parameter 
Activated Carbon Zeolite 
Lower 
bound 
Upper 
Bound 
Lower 
bound 
Upper 
bound 
H2 
𝑎 0 4 0 5 
𝐾∞ 0 1 × 10
−4 0 1 × 10−3 
𝑞𝑚𝑎𝑥 10 35 5 20 
CH4 
𝑎 1 7 0 6 
𝐾∞ 0 1 × 10
−4 0 1 × 10−3 
𝑞𝑚𝑎𝑥 5 10 0 10 
CO2 
𝑎 0 6 0 6 
𝐾∞ 0 1 × 10
−4 0 1 × 10−3 
𝑞𝑚𝑎𝑥 6 12 0 10 
CO 
𝑎 1 7 0 6 
𝐾∞ 0 1 × 10
−4 0 1 × 10−4 
𝑞𝑚𝑎𝑥 6 12 0 10 
N2 
𝑎 1 7 0 6 
𝐾∞ 0 1 × 10
−3 0 1 × 10−3 
𝑞𝑚𝑎𝑥 1 11 0 10 
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Table 5.17 – Final values obtained for the parameter estimation of the Multisite Langmuir 
isotherm in the activated carbon layer  
Component Parameter  
Value from 
literature 
Initial value Final value 
Confidence interval  
90% 95% 99% 
Activated carbon  
H2 
𝑎 1 1 0.477 2.8 × 10101 303 × 10101 4.3 × 10101 
𝐾∞ 7.22 × 10
−6 7.5 × 10−6 0 - - - 
𝑞𝑚𝑎𝑥 23.565 25 26 1.32 × 10
103 1.57 × 10103 2.1 × 10103 
CH4 
𝑎 3.5 4 3.30 1.58 × 105 1.88 × 105 2.48 × 105 
𝐾∞ 7.09 × 10
−6 8 × 10−6 6.7 × 10−6 0.6351 0.7571 0.9958 
𝑞𝑚𝑎𝑥 6.7329 7 6.79 3.18 × 10
5 3.8 × 105 5 × 105 
CO2 
𝑎 3.0 3 2.78 4218 5029 6614 
𝐾∞ 2.125 × 10
−6 2 × 10−6 2 × 10−6 5.3 × 10−3 6.4 × 10−3 8.4 × 10−3 
𝑞𝑚𝑎𝑥 7.8550 8 7.01 8710 1.038 × 10
4 1.366 × 104 
CO 
𝑎 2.6 3 3.07 3.46 × 106 4.34 × 106 5.17 × 106 
𝐾∞ 2.68 × 10
−6 3 × 10−6 2.9 × 10−6 6.753 8.051 10.59 
𝑞𝑚𝑎𝑥 9.0634 9 8.40 9.9 × 10
6 1.18 × 107 1.55 × 107 
N2 
𝑎 4.0 4 2.266 1.17 × 108 1.4 × 108 1.8 × 108 
𝐾∞ 23.46 × 10
−6 2.5 × 10−5 1.7 × 10−6 179 214 282 
𝑞𝑚𝑎𝑥 5.8913 6 3.42 1.8 × 10
8 2.1 × 108 2.77 × 108 
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Table 5.18 - Final values obtained for the parameter estimation of the Multisite Langmuir 
isotherm in the zeolite layer 
Component Parameter 
Value from 
literature 
Initial value Final value 
Confidence interval 
90% 95% 99% 
Zeolite 
H2 
𝑎 1.0 1 1.67 560.9 668.7 879.5 
𝐾∞ 50.76 × 10
−6 5 × 10−5 2.24 × 10−4 0.060 0.071 0.094 
𝑞𝑚𝑎𝑥 9.954 10 -  - - - 
CH4 
𝑎 2.0 2 1.31 1178 1404 1847 
𝐾∞ 35.65 × 10
−6 4 × 10−6 4.1 × 10−6 0.072 0.086 0.1131 
𝑞𝑚𝑎𝑥 4.976 5 6.84 5892 7024 9239 
CO2 
𝑎 2.2 2 1.67 47.84 57.03 75.01 
𝐾∞ 11.11 × 10
−6 1 × 10−5 9.7 × 10−6 0.00043 0.00051 0.00067 
𝑞𝑚𝑎𝑥 4.525 4.5 4.56 87.3 104.1 136.9 
CO 
𝑎 2.6 3 1.40 166.3 198.2 260.8 
𝐾∞ 3.937 × 10
−6 4 × 10−6 4.44 × 10−6 0.001 0.0012 0.0016 
𝑞𝑚𝑎𝑥 3.828 4 4.9 524.5 625.3 822.5 
N2 
𝑎 2.4 2.5 1.85 555 661.5 870.1 
𝐾∞ 30.83 × 10
−6 3 × 10−5 4.75 × 10−5 0.027 0.032 0.042 
𝑞𝑚𝑎𝑥 4.148 4 4.14 1123 1338 1760 
 
 
 
 
